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Abstract
High target utilisation sputtering (HiTUS) is a patented remote plasma sputtering technique 
for the deposition o f thin films. A prototype in-line sputter deposition facility, based on the 
existing standard HiTUS technology, has been developed. Materials deposited by both the 
standard HiTUS and the prototype in-line system where characterised. This was important in 
examining the key deliverable o f  the new system which is uniform deposition o f high quality 
coatings on large (20 cm by 30 cm) substrates.
Initially characterisation o f the in-line system showed that fully reacted transparent alumina 
coatings using reactive sputtering could be deposited. The process was found to be 
reproducible, with a run-to-run variation in peak positions for UV-Vis-IR transmission 
spectra o f less than ± I %.
The process conditions and system were investigated to optimise the system performance. 
Theoretical and experimental investigations showed that the RF plasma and magnetic field 
shape both affected the uniformity o f coating thickness and optical transmission for reactive 
sputtering processes. Changes to the system configuration to improve the magnetic field 
shape based on these findings have increased the usable substrate width from 1 0  cm to 
approximately 2 0  cm.
Investigating the heating effect o f the plasma showed that doubling the RF plasma power (at 
constant target power) can increase the heat flux to the substrate by a factor o f  two. For the 
deposition o f tin doped indium oxide (ITO) and aluminium doped zinc oxide (AZO) 
increasing the RF plasma power was shown to (i) change the material from amorphous to 
nanocrystalline, (ii) increase the visible transmission o f coatings and (iii) increase the 
conductivity o f the material. These effects are attributed to the increased energy o f the 
plasma species promoting both higher surface mobility and reactivity o f adsorbed species.
The ITO coatings deposited by the in-line system were similar to those deposited by the 
standard system with a specific resistivity o f less than 4 x lO"^  O cm and average visible 
light transmission o f 92 %. The in-line HiTUS system was able to deposit ITO material with 
less than ± 1 0 % variation in specific resistivity over 2 0  cm substrate widths.
The investigation has shown that the in-line HiTUS can be used to produce high quality 
material and that the independent control o f RF plasma power and target bias can be used to 
modify the structure and morphology o f deposited thin films. However, the apparent 
variation in plasma density as a function o f distance suggests that the current in-line HiTUS 
configuration will struggle to match the large area capabilities o f magnetron sputtering. The 
extended plasma source presents a promising future for large area HiTUS systems.
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Chapter 1. Introduction
1.1 Background of the Project
Thin films are layers o f material, typically with thicknesses between 10 nm and 10 pm, 
deposited onto other bulk materials or structures to produce items with properties 
unobtainable by other means. They are used in a wide range o f applications, ranging from a 
relatively simple gas barrier layer (used in food packaging to prevent gas permeation and 
increase product lifetime), to the complex multi-layered structures used to produce 
integrated circuits or hard disk read-write heads (a more complete list o f example 
applications is shown in Table 1-1). As a result o f the diverse usage o f thin films, the 
industry has grown to be valued in excess o f $100 billion [1]. The Californian electronics 
research network valued the physical vapour deposition (PVD) sector alone at nearly $10 
billion in 2011 and with annual growth o f 8.5%, its value is expected to reach $15 billion by 
2016, o f which machine sales are expected to make up $7.1 billion [2]
Table 1-1. A list of thin film applications. After [3].
Optical Reflection/Anti-reflection coating 
Memory (CDs DVDs)
Electrical Conduction / Insulation
Semiconductors (including photo voltaic devices) 
Piezoelectric devices
Magnetic Computer memory
Chemical Sensors
Barriers oxidation/corrosion/ diffusion/ alloying
Mechanical Wear resistant / Low friction / Hard 
Adhesion
Micromechanics (MEMs)
Thermal Barrier layers 
Heat sinks
A breakdown o f the uses o f thin films and the value o f that industry (Figure 1-1) shows that 
the highest value thin film industries are the manufacturing o f semiconductor and data 
storage devices, where films are used to fabricate microchips, LCD displays, hard disk 
drives (HDD) and storage media [4]. The fabrication process demands the deposition o f high 
quality material with a high throughput. At present (with the exception o f sub-micron 
epitaxially grown silicon where molecular beam epitaxy is the technique o f choice [5])
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magnetron sputtering and chemical vapour deposition (CVD) are the two most commonly 
used techniques for fabrication of these devices.
Dat-f,  5 t o i  a g e  
s ()"'.•
SeiTUconductor
30%
Optical
L n g in o c r in g  
1 1%
Figure 1-1. Chart showing the applications of thin film technology and their value. After [Ij.
Each of these techniques has specific advantages that are considered when choosing the 
deposition method.
C hem ical vapour deposition (CVD) processes use precursor materials which vaporise 
under ambient process conditions. When these vapours react/decompose, a solid material is 
produced.
In low pressure (LP) and ultra-high vacuum (UHV) CVD, the reaction is triggered by a hot 
substrate. This enables the process to deposit on surfaces not in ‘‘line o f sight” of the gas 
inlet. As a result CVD can be used to produce high quality conformai coatings with 
thickness variation of ± 5% between wafers in a 300 mm reactor with growth rates greater 
than 800 nm/min. The thickness variation is reduced to less than ± 1% in single wafer 
systems [6 , 7]
However, the high temperatures (over 600°C) used in LPCVD and UHVCVD prevent these 
techniques being used with temperature sensitive substrates. The deposition temperature can 
be reduced by several hundred degrees by using plasma enhanced CVD (PECVD), However, 
the material quality is often inferior to that o f thermal CVD techniques [7].
M agnetron sputtering is a physical vapour deposition (PVD) process like evaporation. 
These techniques use solid precursors in the form of metallic or ceramic targets which are 
vaporised using physical processes such as heating (evaporation). The solid metal precursor 
used in PVD processes are often cheaper than the chemical precursor alternative and also 
enable PVD techniques to deposit metallic coatings which are not readily formed using CVD 
processes. The vapours produced in PVD techniques do not require activating to condense 
and form thin films, therefore these processes are well suited for the deposition o f materials 
onto temperature sensitive substrates.
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Rather than heating the material, as is the case in evaporation, sputtering techniques (like 
magnetron sputtering) use energetic ions to vaporise the target by bombardment. Using this 
process, material can be vaporised at temperatures far below their boiling point. As a result 
sputtering can be used to deposit high boiling point materials and alloys with precise 
stoichiometry at rates o f the order o f 1000 nm/min [8 ]. However, deposition rates for 
ferromagnetic or ceramic materials (by either reactive sputtering from a metal target or RF 
sputtering from a ceramic target) are significantly slower than for non-ferrous metals. Also, 
magnetron sputtering is not used for the deposition o f silicon in the PV industry, as the films 
normally contain too many defects to be used in complex electronic devices [5].
Magnetron sputtering and CVD can be used to produce most films for the semiconductor 
and data storage industries. However, deposition o f ferromagnetic and ceramic coatings onto 
temperature sensitive substrates are two applications where there maybe opportunities for a 
new technique. The proprietary high target utilisation sputtering, (HiTUS) developed by 
Plasma Quest Ltd. (PQL), has shown a lot o f promise and is expected to be competitive for 
these applications [9].
In the HiTUS system, the plasma is generated remotely in a side arm plasma source and 
directed onto the target using a pair o f  electromagnets. The HiTUS process has been found 
to produce a plasma o f uniform density across the target surface resulting in a uniform 
erosion profile. This reduces the contamination o f the target during deposition which can 
lead to process instability and inhomogeneous coatings. As a result HiTUS can deposit 
metals, dielectric and ferromagnetic materials at similar rates.
As the plasma is generated remotely, the plasma density and target bias can be controlled 
independently. This produces a large ‘parameter space’ which can be used to change the 
structure and properties o f thin films. In addition to this, the plasma used in the HiTUS 
system acts as an energy source to activate chemical reactions. This is similar to what takes 
place in plasma enhanced chemical vapour deposition (PECVD) and ionized Physical 
vapour deposition (I-PVD) processes (§2.2.6): Hence, reactive sputter deposition processes 
can occur at temperatures less than 100 ”C, enabling the deposition o f similar quality films 
on both flexible polymeric substrates and glass. However, the standard HTUS configuration 
is designed for use in research and development (R&D) laboratories and as a result is not 
suited for high throughput, large area applications typical o f commercial deposition 
processes.
To satisfy commercial interest, a HiTUS system needed to be developed which was 
compatible with current in-line production techniques to compete with magnetron sputtering 
on sample throughput whilst maintaining the exceptional film characteristics. The Linear 
HiTUS was developed to meet these objectives.
The system, based around a cylindrical target and modified plasma source has shown great 
promise in meeting this demand when tested in a single chamber system for the deposition 
o f alumina. The technology has been further developed and optimised throughout this 
project. Thorough characterisation o f the deposition process and the films deposited has 
shown that the system maintains many o f the advantages o f the standard R&D HiTUS 
system and has identified development opportunities which could further enhance the
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HiTUS technology. In addition, a more complete understanding o f the large area HiTUS 
process and its effect on the structure and properties o f the thin films deposited was 
obtained.
1.2 Aims
The following aims defined the scope o f the investigation reported in this thesis:
a) The production and characterisation o f thin films using the standard 10 cm target 
R&D HiTUS system.
b) Developing a prototype in-line system on which the Linear HiTUS technology could 
be investigated.
c) Investigating how the plasma affects the deposition process and quantifying its 
heating o f the substrate.
d) Depositing and characterising ITO and AZO coatings and comparing their properties 
with those deposited using the standard HiTUS system and other coating techniques.
1.2.1 Structure of Thesis
The first section o f the literature survey reviews the theory o f sputtering and the different 
sputtering methods which have evolved with time. The second half o f the literature review 
focuses on surface diffusion, energy transfer mechanisms and their effects on the structure 
and morphology o f the deposited films. The literature review concludes with a discussion of 
ITO.
To understand the effects o f the process on the coating, a range o f analysis techniques were 
used to characterise the structure and morphology and properties o f the coatings. In Chapter 
3 the analysis techniques employed during the investigation are discussed.
Chapter 4 introduces the standard R&D HiTUS technology. The system was used to deposit 
a range o f materials including ITO. The structure and properties o f the material were 
comprehensively characterised for comparison to those produced using the Linear HiTUS 
system.
The retrofitting o f the Linear HiTUS technology to a Leybold Z600 sputtering system is 
documented in Chapter 5. This includes the project planning, system testing and initial tests 
(performed on AI2 O3 coatings).
In Chapter 6  the effects o f the magnetic field strength and the magnet position on the 
uniformity o f thickness and properties o f the material deposited is investigated with the aim 
o f maximising the maximum substrate width which can be used with the Linear HiTUS 
system
In Chapter 7, the heating effect o f the RF plasma and the target power were investigated.
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In Chapter 8  the scaled up process for the deposition o f ITO and AZO coating is 
investigated. These were technologically important materials and the effect o f RF plasma 
power and oxygen flow rate on the film structure, properties and chemical composition were 
investigated. Thin films were also deposited onto polymeric substrates and the coating 
properties and uniformity over large areas studied.
Chapter 9 introduces the extended planar plasma source (EPPS) and documents how this, the 
latest revision o f the HiTUS technology, improves on the Linear HiTUS technology.
Chapter 10 discusses the results from the thesis and in Chapter I I  the conclusions are 
presented and further work is proposed.
Chapter 2. Literature Review
2.1 Sputtering
2.1.1 Sputtering Time Line
Despite being first investigated by Grove in 1852, sputtering remained a laboratory 
technique for over 100 years. Evaporation was successfully used for roll-to-roll coating as 
early as 1935 but it took the invention o f the planar closed loop magnetron sputtering 
system in the 1960s to move sputtering out o f the lab and into commercial applications [ 1 0 ]. 
Other significant events in the history o f sputtering are documented in Table 2-1
Table 2-1. The major developments in the history of sputtering [10].
Diode sputtering (glow discharges) Glow discharge Faraday 1838 [11] 
Sputtering Grove 1852 [11]
Magnetron sputtering Proposed by Penning 1936 [12,13]
Used in the 1960s 
Gill 1965 [14],
Wasa 1969 [15]
commercial machine Leybold 1969 [10]
Reactive sputtering Proposed by Overbeck 1933 [16]
The term was developed by Veszi in 1953 [10] 
Mass adoption for optics/dielectrics 
1960s[I7, 18] •
Radio frequency (RF) sputtering o f dielectrics Proposed by Wehner 1955 [10]
Achieved by Davidse and Maissel 1965 [19]
Hollow cathode sputtering f  ‘ reported use on web of science,
Musha 1962 [20]
Although hollow cathode plasmas were used 
previously and were investigated in 1954 by 
Little and Vonengel [21]
RF superimposed magnetron sputtering F* reported use on web of science, 
Vratny 1967 [22]
Unbalanced magnetron sputtering Windows and Sawides 1986 [23-25]
Closed field magnetron sputtering Sproul et al. [26]. and 
Rohde et al. 1990 [27] 
Teer et al. 1991 [28]
Inductively coupled plasma magnetron sputtering Rossnagel 1994 [29]
Bipolar Pulsed Sputtering Quazi 1987 [30]
High target utilisation sputtering (HiTUS) Thwaites 1998 [9]
High power impulse magnetron sputtering 
(HiPIMS)
Kouznetsouv e/a/. 1999 [31]
Linear HiTUS Hockley and Thwaites 2004 [32]
Spatially focused plasma source (SFPS) (HiTUS) Hockley and Thwaites 2008
Extended planar plasma source (EPPS) (HiTUS) Hockley and Thwaites 2010
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2.1.2 The Diode Sputtering Process
The simplest sputtering technique uses a direct current diode system in which a low pressure 
electric gas discharge is generated by applying a potential between two electrodes [33]. The 
electric potential acts to accelerate electrons which are spontaneously created (normally by 
ionising radiation such as cosmic rays) in the gas away from the negatively biased cathode. 
A number o f these electrons will be accelerated sufficiently to cause the ionisation o f the 
argon atoms therefore creating new electrons resulting in an amplification o f the current. As 
the potential is increased, more electrons will have the required energy to ionise the argon 
atoms, increasing the amplification. When acting in this regime, it is known as a Townsend 
discharge, and is not self-sustaining.
As the potential is increased, the discharge will begin to glow and eventually the electron
amplification will pass a threshold where each electron created at the cathode will ionise at
least one argon ion before reaching the anode. At this point, a self-sustaining glow discharge 
will ignite. This is characterised by a decrease in potential and an increase in current from 
microamps to milliamps. This potential is known as the breakdown voltage.
A normal glow discharge is composed o f 7 distinct regions. Figure 2-1;
1. Cathode glow 2. Cathode (Crookes) dark space
3. Negative glow 4. Faraday dark space
5. Positive column 6 . Anode dark space
7. Anode glow
Voltage
Space
charge
Figure 2-1. Diagram showing the regions of the glow discharge and the spatial variations of 
voltage and charge carriers in the plasma. After [3].
In the normal glow discharge regime, the discharge current is limited by the power supply, 
with the current changes by many times or even orders o f magnitude with a minimal change
11
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in voltage. This occurs due to the interaction area o f the discharge with the cathode changing 
as a function o f current. The electron emission area will increase proportionally with current 
until the entire cathode is used. The glow will now move into the abnormal glow regime 
where any further increase in current will result in a rapid increase in voltage; this is the 
regime used for sputtering. The increased voltage will also result in an expansion o f the 
negative glow (3) and a reduction o f the positive column. The limiting case for the abnormal 
glow discharge occurs when the electron mean free path is greater than the electrode 
spacing. Under these circumstances, the discharge is likely to convert to an arc discharge.
Sputtering takes place when ions from the negative glow are accelerated towards the 
negatively biased target. When the ions impact the target, their momentum is transferred to 
the target surface. The collision cascade produced results in some o f this momentum being 
directed towards the surface and the removal o f atoms from the surface (Figure 2-2). The 
percentage o f incoming particles’ momentum transferred from the incident ions to the 
sputtered atoms, can be calculated using equation 2-1 [33].
4M,M,
e =
Mi Mass o f incident particle
Mt Mass o f target material
E Momentum transfer function (%)
(2-1)
Along with atoms o f the target material, a small number o f secondary electrons will also be 
ejected, which help sustain the plasma by ionising the gas atoms near the target. The process 
is illustrated in Figure 2-2.
-lOOOY
cathode
i
^target 
-cathode dark 
space
—argon plasma
Anode dark space 
^ substrate
anode
#  target material 0  electron ©  Ar4-ion
Figure 2-2. Schematic of a diode sputtering chamber [33].
The efficiency o f the sputtering is defined by the number o f target atoms sputtered by each 
argon ion. This is known as the sputter yield [33]. The sputter yield, S, for incident ions 
normal to the surface and arriving with energies o f less than IkeV, can be calculated using 
the Sigmund equation 2-2 [33, 34].
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S  =
3aeE
4 ptW „
(2-2)
a  Monotonie increasing function of Mt/Mi a= 0.17 for M /M i=0.1 and a=L 4 for
Mt/Mi=10
Uo Surface binding energy
S  Sputtering yield (number o f  particles ejected per incident ion)
e Charge o f an electron, 1 . 6  x 10'*  ^C
E  Energy o f incident ions
At energies above 1 keV, equation 2-2 becomes invalid as the ions are so energetic that not 
all the energy is extinguished in the surface layer, and the impinging ions become implanted 
in the target [33].
The Sigmund equation only describes the efficiency o f sputtering for a single atom. To 
maximise the sputtering rate, it is not only important that the sputtering yield is high, but 
also that there are many ions impacting the target, removing material from the surface. This 
is defined by the ion density o f the plasma, which is related to the breakdown voltage (i.e. a 
system with a lower breakdown voltage will produce a higher density plasma under the same 
conditions) [35].
Work by Paschen and Townsend showed that the breakdown voltage o f a typical DC diode 
glow discharge system is dependent on the product o f the pressure and electrode separation 
distance (pd), shown in Figure 2-3.
270
> 260 
a.
re 250 
240 
230 
220 
210
Bz/ A ^
0 50 100 150 200 250 300
Pressure x Electrode Separation Distance p.d (Pa.cm)
Figure 2-3. A plot of the Paschen curve for an argon discharge between copper electrodes [36].
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There are two distinct regions to the Paschen curve. Firstly, at high pressure and large 
electrode separation (region A), a reduction in p.d results in a reduction in the discharge 
voltage. This is a result o f a reduction in the number o f electron-atom collisions between the 
electrodes and therefore a higher probability that electrons will have sufficient energy to 
ionise the gas atoms when they collide. Secondly, at low pressures and small electrode 
separation, electrons are less likely to collide with gas atoms and therefore a higher voltage 
is required to increase the probability o f ionisation (region B). Between these regions, the 
breakdown voltage reaches a minimum, at which the ionisation process is most efficient, 
equation 2-3 describes the critical parameters which affect the breakdown voltage.
Where
V Electric potential
P Pressure (pa)
a Gas constant (pa.m)
d Distance between electrode (m)
b Gas constant
From Figure 2-3 it can be seen that the minimum discharge voltage occurs for a (p.d) o f 
approximately 100 Pa.cm. In a typical diode system, the electrode spacing would be o f the 
order o f 1 0  cm; therefore to work at optimum conditions for glow discharge initiation, a 
pressure o f 10 Pa would be required. However, this not only increases the contamination of 
the deposited thin film, but also decreases the mean free path o f sputtered material. This will 
reduce the energy o f the sputtered species and therefore also the density o f the thin films.
At the low pressures, (0.5 Pa) high operating voltages o f 2-5 kV are required to ignite the 
discharge. These conditions are far from optimum and consequently diode systems exhibit a 
low ion density (<10^^ ions cm^) and therefore a low ion current (0.1 mA/cm^). The low 
plasma density and very high voltages make diode sputtering an inefficient process and as a 
result, deposition rates using this system are low.
14
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2.1.3 Magnetron Sputtering
To resolve these issues, magnetron sputtering was developed. By placing magnets behind 
the target (Figure 2-17) the path o f the electrons can be increased as a result o f the Lorentz 
force equation 2-4 [37].
m y  smO I Be = r (2-4)
m, Mass o f electron, 9.10938188 x lO'^'kg 
Velocity o f electron 
Magnetic field
Charge o f electron, 1 . 6  x 10'^  ^C 
Radius o f electron path, m
Angle o f between electric and magnetic vectors (v & B)
If no electric field is applied, then the electrons simply orbit the lines o f magnetic field. 
However, the addition o f an electric field adds another component. Under these conditions, 
the electron will drift through the magnetic field as shown in Figure 2-4.
E Field
■>
Vgc
\ /
B
Figure 2-4. Diagram showing the effects of electric and magnetic fields on the path of an 
electron. Vgc shows the drift of the electron in a direction perpendicular to B and E. This is
known as E x B drift
For a magnetic field parallel to the target, as is the case in a magnetron sputtering system, 
the electrons will follow a much longer helical path which drifts in a direction perpendicular 
to the E and B fields confining electrons to a region in front o f the target. This increase in 
path length has the effect o f increasing the probability that an electron will collide with an
15
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argon atom before the electron is lost to the anode. This has the effect o f moving the Paschen 
minimum to lower pressure, enabling magnetron systems to be operated near the minimum 
breakdown voltage conditions, with lower process pressures and voltages than diode 
sputtering systems but also increasing the plasma density [38], As a result, most industrial 
sputtering systems are based on magnetron sputtering.
Substrate
Cathode
(target)
Anode
o  a
Figure 2-5. A schematic diagram of a magnetron sputtering facility [3].
The use o f magnets to increase the ion density does have a significant drawback. As the 
magnetic field is not uniform across the whole target area (towards the magnetic poles the 
perpendicular component o f the field tends to 1 0 0  %) the magnetic field acts as a lens, 
resulting in a toroidal region o f very high electron density (known as the “racetrack”) in 
front o f the target (Figure 2-7). The non-uniform erosion reduces the target utilisation to less 
than 30% for planar magnetron sputtering targets and can also cause problems if  the 
composition o f the target surface is not homogenous as is the case in reactive sputtering.
One solution used to increase target utilisation is to use rotating cylindrical targets (Figure 
2-6) [38]. In this configuration the target rotates across a fixed magnetron assembly, leading 
to an increase in the target utilisation to 90 %.
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Figure 2-6. Diagram showing a rotatable cylindrical magnetron. After [38].
There are other fundamental problems associated with the non-uniform erosion o f the target. 
As the target ages, the erosion becomes more non-uniform as the plasma approaches the 
magnets. This has the effect o f increasing the confinement o f the electrons in this region 
increasing the plasma density and therefore deposition rate.
Driving the plasma from the target is also a problem if a magnetic material is being 
sputtered, as the magnetic field lines short through the target reducing the electron 
confinement and hence the plasma density. To resolve this particular problem, most 
magnetron sputtering systems only sputter from very thin ( 2  mm thick) ferromagnetic 
targets.
Very high deposition rates (10s o f pm/hour) can be achieved from metallic targets using 
magnetron sputtering systems with substrates positioned close to the target [39]. However 
this places the substrate under a high heat load [40]. The high heat load is largely attributed 
to the high kinetic energy o f the impinging atoms [41]. As the plasma is driven from the 
target, increasing the deposition rate without increasing the energy o f the sputtered atoms is 
not trivial without making major system changes such as those discussed in §2.1.4. The 
combination o f these effects makes the deposition of, or onto, heat sensitive materials 
difficult. To sputter/deposit on heat sensitive materials, substrate cooling is essential; the 
heat load is further reduced by reducing the target and substrate bias voltage to reduce the 
energy o f the impinging atoms.
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Reactive Sputtering
Reactive sputtering involves the sputtering o f a metallic target in an atmosphere o f a 
sputtering gas (argon) and a reactive gas such as oxygen or nitrogen to produce a ceramic 
coating. This process can be quite difficult using a magnetron sputtering system. Not only 
does the non-uniform sputtering o f target result in a non-uniform coating stoichiometry 
profile [42] , but also process instabilities. Under these conditions the slower erosion o f the 
target away from the “race track” allows a layer o f dielectric material to build up as seen in 
Figure 2-7. The metallic target is said to be ‘poisoned’ under these conditions.
Racetrack
Some discolouration
Pure copper 
Tw discolouration)
Hea\y target discolouration (poisoning)
Figure 2-7. Photograph of a copper target with a racetrack formation.
When dielectric material begins to form on the target, the process changes and a positive 
feedback loop begins as can be seen in Figure 2-8. If the process is remains unchanged, the 
process will ‘runaway’ as the increased partial pressure o f the reactive gas will promote the 
formation o f the dielectric material on the entire target [43].
18
Chapter 2 Literature Review
C
Increased 
pressure of 
reactive gas
Dielectric 
material grows 
on target 
reducing 
sputtering rate
Decreased 
^sputtering rate 
result in less 
reactive gas 
used in process
Figure 2-8. Diagram showing the detrimental effects of target poisoning, and how this feedback 
process can result in the process becoming unstable (‘running away’). After [43].
Active feedback control o f the reactive gas flow can be used to stop process runaway and 
stabilise the process. This can be done be indirectly monitoring the reactive gas pressure 
using plasma emission monitoring (PEM) [44] or voltage monitoring techniques [45]. The 
monitoring device is attached to a fast piezoelectric mass flow controller (MFC), to regulate 
the gas flow and stop the process running away due to the positive feedback loop associated 
with target poisoning [46].
Insulating dielectric material on the target also presents a second problem. This material will 
charge up, until the electric field across the dielectric becomes sufficiently large that 
breakdown o f the dielectric occurs resulting in arcing between the plasma and target. This 
can result in the super heating o f the target in this location and the ejection o f globules of 
material. If  these globules are adsorbed into the coating, they will cause defects in the 
coatings. This arcing during reactive sputtering can be controlled using direct current (DC) 
power supplies with arc suppression. These power supplies suppress arcing by a momentary 
reduction in bias when an arc is detected. However, this also momentarily stops sputtering, 
allowing the partial pressure o f reactive gas to increase and further poisoning the target, 
causing more arcs and even greater instability [45].
In addition to this, in DC sputtering systems, the deposition o f insulating dielectric coatings 
causes a second issue. As the chamber acts as the system anode, if  they become covered in 
an insulating coating the generation o f the plasma will be affect and which can lead to 
variations in the plasma density. This is known as the disappearing anode [47].
Pulsed DC Magnetron Sputtering
Many of the problems encountered during reactive sputtering can be overcome by pulsing 
the target bias to enable poisoned regions o f the target to discharge before breakdown 
occurs. This can be achieved by simply switching the target bias to ground (unipolar), 
however, reversing the target bias has been found to be more effective as the surface charge
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is actively neutralised [38] and the target can be cleaned as a result o f preferential sputtering 
o f the dielectric compound [48]. The preferential sputtering occurs as when the target is 
reversed biased, the electrons are attracted to the surface o f the dielectric coating, biasing the 
dielectric and attracting argon ions during the negative pulse. To optimise this preferential 
sputtering process, pulse frequencies o f 10-200 kHz are used [39]. However, the pulse 
frequency needed is dependent on the properties o f the material e.g. for coatings which are 
resistive rather than fully insulating, higher frequencies are used, for a stable ITO process, a 
pulse frequency between 150-200 kHz is typically used [48]. The higher frequency allows 
the coating to be sputtered before it discharges. This process is further improved by 
increasing the reverse bias period to 50 % and increasing the positive bias.
This has been found to not only increase the process stability, but also enables reactively 
sputtered dielectric coatings to be deposited at similar rates to those achieved for a metal 
coating. The improved stability o f  the process results in high density, defect free fully 
stoichiometric films [39].
As pulsed magnetron sputtering is most effective when the target bias is positive for 50% o f 
the cycle, the optimum configuration uses two magnetron targets in close proximity driven 
by a single mid frequency power supply [38]. This configuration applies a sine (or square 
wave) to the targets, alternating the bias every half cycle.
One other advantage o f using pulsed power supplies is that because the target is o ff for a 
proportion o f the time, higher powers can be used during the on-time without fear o f melting 
the target. This can be used to increase the plasma density and is the foundation o f high 
power impulse magnetron sputtering (HiPIMS).
2.1.4 Ionized Magnetron Sputtering
Although high energy ions (>100 eV) can be destructive, this is not the case for all ion 
bombardment. Increasing the flux o f low energy ions (-10-50 eV) bombarding the film 
during growth has been shown to not only increase film density and reduce surface 
roughness, but, also for can be used to grow thin films with specific preferred crystal 
orientations for transition metal nitrides such as TiN at reduced deposition temperature [49]. 
This is one o f the advantages o f sputtering over evaporation. However, in basic direct 
current magnetron sputtering (DCMS) only a small fraction o f the sputtered atoms are 
ionised (~I% ) [50] and as they are ionised near the target, most are neutralised before they 
arrive at the substrate. Although more sputtered species can be ionised by increasing the 
plasma density, as the plasma density and sputter rate are intrinsically linked, any increase in 
the plasma density also increases the sputtering rate effectively maintaining the same ratio o f 
ions to neutrals [51].
There is a desire to develop sputtering systems with increased ionization o f the sputtered 
species, target utilisation, reactive sputtering stability and higher deposition rates. The 
increased ionisation o f sputtered species near the substrate can be achieved by altering the 
magnetic field, as is the case in the unbalanced and closed field magnetron sputtering 
systems; by increasing the peak target power (HiPIMS); or using a secondary plasma to 
ionised the species (ICP-MS) [51].
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Unbalanced Magnetron Sputtering
Unbalanced and closed field magnetron sputtering systems are variants o f the same design. 
By using a stronger magnet around the outside than at the pole, the magnetic field is 
unbalanced. The stronger field at the outside o f the magnetron results in a strong field 
directed towards the substrate, increasing the plasma volume (Figure 2-9) [39]. The close 
proximity o f the plasma to the substrate results in a larger flux o f the ions at arriving at the 
substrate. Using unbalanced magnetrons, ion currents o f 5 mA/cm^ have been measured at 
the substrate, for a conventional DC magnetron sputtering system an ion current o f less than 
1 mA/cm^ would be expected [52]. This configuration is known as a type 2 unbalanced 
magnetron sputtering and was developed by Windows and Saw ides [23-25].
Substrate
Figure 2-9. A diagram showing the magnetic field and plasma volume in a type 2 unbalanced
magnetron sputtering system.
By changing the balance o f the magnetic field from being stronger at the outside to stronger 
at the core, the system becomes a type 1 unbalanced magnetron. In a type I unbalanced 
magnetron the electrons are directed to the chamber walls reducing the ion flux to the 
substrate [39].
Closed Field Magnetron Sputtering
The effects observed in the unbalanced magnetron sputtering system can be further enhanced 
by using multiple magnetrons [39]. If  the magnetrons are configured so that the magnetic 
field lines link up, a plasma excitation region is established around the substrate. Systems 
configured in this way are known as closed field magnetrons. Using a closed field system, 
substrate ion currents 2-3 times larger than those o f single unbalanced magnetron can be 
produced [53]. The decrease in ion flux to the substrate with distance is much less in a 
closed field magnetron than for a standard DC magnetron sputtering system. The closed field 
magnetron technology is applied commercially by Teer Coatings Ltd [28, 54] (Figure 2-10).
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Figure 2-10. A diagram of the Teer Coating Ltd closed field magnetron sputtering system.
After [28,54[
RF Superimposed Magnetron Sputtering
Another method o f increasing the ionisation o f the sputtered species is to increase the power 
supplied to the plasma. This can be achieved by simultaneously applying RF and DC bias to 
the target. An RF bias is much more ionising than DC, therefore the total energy flux to the 
substrate increases as the percentage o f RF target bias is increased [55].
RF Inductively Coupled Plasma-Magnetron Sputtering 
(ICP-MS)
The effects o f ionising RF energy can be further increased by using an inductively coupled 
plasma (ICP). In an ICP source, the plasma is generated by passing an RF current through an 
antenna located near to the discharge region, but typically located outside o f vacuum 
(separated by a dielectric window).
For an ICP-MS system operating between 100-5000 Pa at 200-1000 W will produce a 
discharge with plasma densities between 10‘° and 10*  ^ ions.cm'^ [51, 56]. The location o f 
the high density plasma between the target and the substrate result in the efficient ionisation 
o f the sputtered metal species. The ionisation efficiency increases with the probability o f a 
collision between sputtered species and a gas ion. This is achieved by increasing the RF 
power and pressure. The use o f an ICP separates the ionisation o f sputtered species from the 
sputtering rate, therefore the ratio o f ionised sputtered species in these systems increases 
with the applied RF power [51]. In addition to this, the ion energy is also separate from the 
target and is in fact controlled by the plasma potential and the substrate bias. The maximum 
plasma potential is related to the electron temperature. The electron temperature is lower for 
systems with a high probability o f an electron gas collision, and in which a significant 
amount o f energy can be lost per collision. Therefore, a dense gas at high pressure reduces 
the electron temperature and therefore the plasma potential [51, 57].
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There are 3 antenna designs typically used in magnetron sputtering systems;
1. Helical RF induction coupler
2. Planar spiral RF induction coupler
3. Immersed inductive coupler
magnetron magnetronD gas inDielectric (quartz)
targe
cc
ce
Q Z
Inductive
coil
substrate
gas out
magnetron gas in
Substrate
targe:
inductive coil substrate
gas out
Figure 2-11. Schematic diagrams of antenna designs used in ICP-MS system, (a) is a helical RF 
induction coupler (b) spiral planar RF coupler fitted remotely on the chamber (c) is an 
immersed antenna inductive coupler (after 151]).
The simplest form uses a helical antenna wrapped around a dielectric chamber (Figure 
2-11(a)). The RF antenna induces an azimuthal electric field within the tube which 
accelerates the free electrons, producing the discharge. By placing the substrate and target at 
opposite ends o f the plasma generation region, a simple ICP-MS system can be produced. 
However, the substrate and target have to be placed outside o f the coil, so that the electric 
field is not interrupted. This type o f ICP source, also suffers from a non-uniform plasma 
density across the diameter o f  the cylinder, with the plasma density reducing toward the 
centre [58]. As the plasma is wrapped around the chamber and the plasma is non-uniform, 
this type o f chamber design can only be used for small areas.
For larger areas the plasma is generated remotely using either a helical antenna or a planar 
spiral antenna (shown in Figure 2-11(b)). This produces a plasma with better uniformity than 
the helical configuration and is also a more compact design. The planar spiral antenna is 
particularly useful for the plasma treating o f wafers in applications such as plasma etching
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where antenna is parallel to the water producing a uniform plasma over the entire wafer 
surface [58]. The use o f a remote plasma source also enables the source to be located out of 
line o f sight o f the target. This reduces the deposition o f conductive coatings on the 
dielectric window which reduce efficiency o f the inductive coupling. A second solution for 
this problem is to use an immersed inductive coupler (Figure 2-11(c)) therefore removing 
the issue o f metal coating o f the antenna. However, this configuration could potentially 
cause contamination o f the film if  the antenna is sputtered [58].
All ICP sources suffer from one limitation, as the plasma is inductively coupled it relies on 
the generation o f an oscillating magnetic field inside the plasma volume to produce an 
electric current. However, the current generated acts to shield out the magnetic field. As the 
plasma density increases, the efficiency o f the screening also increases and the distance the 
magnetic field can propagate decreases. The distance the magnetic field can propagate 
before the field strength is reduced to 1 /e o f the original field is given by the skin depth. 5, 
which for a conditions where the plasma frequency is much larger than the frequency o f the 
exciting radiation can be approximated to equation 2-5 [59].
ôs =  c/ù)p  (2-5)
Where c is the speed o f light, cOp is the plasma frequency (rad/sec), n is the plasma density, e, 
is the charge o f an electron, m is the electron mass and Eq is the permittivity o f free space. At 
a plasma density o f 1x10*^ ions cm'^ the skin depth is o f the order o f 0.5 cm. As a result, at 
high densities the maximum propagation length o f ICP generated is o f  the order o f 10-20 cm 
[59]
Helicon plasma sources like that shown in Figure 2-12 have been shown to overcome this 
issue by using an axial magnetic field (200-400G) and specially shaped resonant antenna, to 
produce low frequency helicon waves. The waves follow the lines o f the magnetic field 
exciting electrons which are confined by the magnetic field. This plasma generation 
mechanism enables helicon sources to produce plasmas with ion densities o f the order of 
5 X 10^  ^ ion cm'^ [59]. However, the specific antenna requirements for the coupling o f the 
helicon wave can lead to non-uniform variations in the plasma density with distance [60].
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Figure 2-12. A schematic diagram of a helicon plasma source.
High Power Impulse Magnetron Sputtering
The maximum plasma density obtainable in DC magnetron sputtering is limited by thermal 
load on the target. This problem can be overcome by applying power to the target in pulses, 
therefore enabling high peak powers while maintaining a low average power. The smaller 
the ratio o f on/off time (duty cycle) the larger the peak power which can be applied to the 
target [61].
By using short (50-500 ps) high peak power (>1000 W cm'^  ^pulses with a small duty cycle 
(e.g. 0.2) high power impulse magnetron sputtering (HiPIMS) is able to generate high 
density discharges (10*^ ions cm'^). The high density plasma generated in HiPIMS systems 
result in the ionisation o f a high percentage (10-80%) o f the sputtered species [51]. 
Kouznetsov et al. [31] have reported that using HiPIMS technology, a discharge was 
established in which 70% o f the copper atoms sputtered from a copper target were ionised. It 
is found that unlike in an ICP, the plasma density increases with process pressure.
In addition to the high ionisation efficiency, the HiPIMS discharge also contains more 
energetic ions than would be found in a DC magnetron discharge. In DC magnetron 
sputtering the average ion energy would be ~  3eV whereas in a HiPIMS the value is ~  20 eV 
[62].
Although HiPIMS systems are very efficient at generating an ionised condensate, the 
deposition rate is routinely lower than would be achieved in a comparable magnetron 
sputtering system. For the deposition o f metals the rate is approximately half that o f a DC 
magnetron sputtering system [63]. The problem is worse for a reactive sputtering processes 
(which are already relatively slow for magnetron sputtering) where deposition rates o f 14- 
25% o f that o f the magnetron sputtering system have been reported for TiOz and AI2 O3 [64]. 
However, the rate can be increased by decreasing the pulse length and maintaining the same 
average power. The reduction in deposition rate is attributed to the self-sputtering o f the 
target by the sputter generated metal ions [65].
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2.2 Film Growth
The physical properties o f thin films are affected by the nucléation and film growth mode. 
With an understanding o f how the conditions in the plasma and at the substrate can be 
controlled, and their effects on the deposited film the process engineer can design the 
process to grow films o f the desired properties.
2.2.1 Adsorption
The first stage o f the growth process is the adsorption o f the condensate onto the substrate. 
When the vapour species come to within a few atomic distances o f a surface their electron 
clouds interact and the condensate experiences an attractive Van der Waals force pulling it 
toward the substrate as shown in Figure 2-13.
At a distance o f approximately three atomic lengths the adatom will repelled by surface 
atoms. If  the atom has lost sufficient energy to the surface during this, it will become trapped 
in the potential well. The atom is weakly adsorbed to the surface by physical forces and is 
said to be physisorbed [3].
Pauli repulsion
Precursor Physisorption
Chemisorption
Figure 2-13. A Lennard-Jones Plot of the energetics of the precursor adsorption model.
Once the condensate is adsorbed onto the surface, there are a number o f processes which can 
take place these are shown in Figure 2-14. The most critical o f these for film growth to 
occur, is that the rate o f condensation must be at higher than the rate o f re-evaporation.
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substrate
1. Nucléation at a step 5. Chemisorption
2. Re-evaporation 6. Direct absorption in a 3D island
3. Condensation 7. 3D Nucléation
4. Surface Diffusion 8. 2D Nucléation
Figure 2-14. Processes taking place at the substrate surface (After [3]).
When the atom is only physisorbed, it is only loosely bonded to the surface. As a result, it is 
free to diffuse across the surface at all but cryogenic temperatures. If  the atom can gain 
enough energy to overcome the energy barrier (Ea and E^ b in Figure 2-13) then it will be 
chemisorbed. This is known as precursor mediated chemisorption in which the physisorbed 
atom is known as the precursor and it can occur in one o f two ways.
a) Activated chemisorption from a physisorbed precursor. Here the adatom is initial 
physisorbed as the potential barrier caused by Pauli repulsion is greater than the 
energy o f the adatom. To chemisorb, the adatom needs to gain energy to overcome 
the potential barrier. Some o f the atoms at the surface will desorb if  their energy is 
larger than their binding energy. It is important that this is taken into consideration 
as the surface mobility cannot be increased indefinitely without affecting the 
deposition rate [66].
b) If  activated energy for chemisorption is less than the average energy o f the adsorbed 
species line (b), the condensate can be chemisorbed without activation. This is 
typical for adatoms bondings at nucléation sites such as steps.
Mediated chemisorption usually occurs at sites such as a step, or another nucléation site, (see 
processes labelled (7) and (8) Figure 2-14).
In energy enhanced processes, the physisorbed state can be bypassed and direct dissociative 
chemisorption can occur (by following curve c) [3, 66]. This is because the sputtered species 
are very energetic (-1000 kJ/mol kinetic energy) and therefore arrive at the surface with 
more energy than the activation energy, Ea.
Even after the atom is chemisorbed, the adatom will diffuse across the surface until it is 
strongly bonded to the substrate, or it is buried by the next layer o f condensate. The distance 
the atom can diffuse before it is buried is critical in determining the growth mode o f the film.
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The surface mobility o f the adatoms is classified by the diffusion length, A, o f the adsorbed 
species and it can be calculated using equation 2-7 [67, 68].
A = a
A Diffusion length (nm)
t Time (defined as the time before the adatom is buried) (Is)
Vs Lattice vibration frequency (IxlO'Vs)
kb Boltzmann constant (8.62x10'^ eV K'*)
a Hop distance (0.3 nm) [67]
T  Temperature (1000 K)
Eb Binding energy (eV)
However, because o f the large difference in binding energy, Ey, between physisorption 
(0.01-0.1 eV) and chemisorption (1-10 eV), the diffusion length for chemisorbed species (~5 
nm) is orders o f  magnitude smaller than that for physisorbed species (-300 pm) at 1000 K. 
At 300K (room temperature), the diffusion length for chemisorbed species are effectively 
static, with very little diffusion taking place [68].
From equation 2-7 it can be seen that the surface mobility o f the adatoms is a function o f the 
surface temperature, the binding energy and the diffusion time. It is known that the surface 
roughness and void density decrease as the diffusion length is increased [69]. Therefore 
these parameters are all influential in determining the quality o f the deposited films.
2.2.2 Nucléation and Film Growth
When an adatom is adsorbed onto the surface it can diffuse a certain distance before it bonds 
to the surface, is desorbed or is buried by additional adatoms. While the atom is diffusing, it 
can interact with the surface and other adatoms, forming stable and metastable clusters. The 
stable clusters will continue to grow into island by the addition o f adatoms diffusing across 
the surface or by direct condensation o f atoms from the vapour [70]. This process will 
continue until the islands coalesce and a continuous film is produced. This process is driven 
by the need to reduce Gibbs Free Energy, AG (equation 2-8) [69].
AG =  A ^r ’^ Yf +  — A2t '^ Ys +  Vr^AGy  (2-8)
The change in Gibbs Free Energy is equal to the sum o f the free energy o f the coating 
surface, Ap^yf» ^nd the interface, A 2r^yi and reduction in free energy as a result o f  the 
increase in volume of the film, V r^AGy minus the free energy o f the uncoated substrate 
surface, A 2r^ys,
The total surface energy, A p^yf, varies as a function o f both the area, r^A, in the form o f 
surface roughness and the surface energy density, yr, in the form o f the surface chemical 
composition, crystallographic orientation, atomic reconstruction and surface roughness on
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the atomic scale. For many crystallographic solids, y is not the same in all directions 
(anisotropic) therefore preferential growth o f specific crystal orientations is often observed. 
The low y facets typically have equal numbers o f anions and cations, and the lowest number 
o f dangling bonds. The low energy facets for a selection o f crystal structures are shown in 
Table 2-2 [3].
Table 2-2. A table showing the low y facets for a selection of crystal structures (After [3])
S tructu re Exam ples Low y facets
Body centred cubic C r,Fe (110)
Face centred cubic Au, Al (111)
Hexagonal close packed cubic Zn, Mg (0001)
Diamond Si, Ge (111)
Zinc blende GaAs, ZnSe (110)
Fluorite (bixbyite [71]) MgFz, CaF], (In2 0 3 ) (111)
Rock salt NaCl, PbTe (100)
For conditions where the reduction in AG, is not limited by surface diffusion, three possible 
growth modes exist, as identified by Bauer [72], these are shown in Figure 2-15.
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Figure 2-15. Diagram of the different growth modes for coatings.
V olm er-W eber (3-D growth island growth) is found when y at the substrate is not reduced 
by atom or molecules o f the coating material depositing onto the substrate. The coating 
therefore nucleates as small clusters which grow into islands. As the film grows, the free 
energy o f the coating increases as a function o f surface area, eventually this leads to the 
islands coalescing into a continuous film. Examples o f this growth mode are metals on 
insulating substrates [3, 69]
Frank-V an der M erwe (2-D layer by layer growth) is found when atoms bind equally/or 
better to the substrate than to each other. Although this growth mode is commonly found for 
systems in which the substrate surface and the coating have the same composition 
(homoépitaxial growth), it is also in some systems such as Pb on Cu (111) where the 
materials have a different composition. [3, 69]
S transki-K rastanov (mixed 2-D/3-D growth) is a mix o f both the Volmer-Weber and 
Frank-Van der Merwe growth mode. At low thicknesses (a few monolayers) y is reduced 
and the film growth is 2-D. as the thickness increases, so does the y;, the increase is usually 
attributed to strain at the interface as a result o f lattice mismatch. Eventually, the increase in 
y, is sufficiently large that the Gibbs Energy is not reduced by the addition o f more coating 
layers and the growth mode changes to 3-D. The growth mode is quite common especially in 
metal on metal and metal on semiconductors systems [3, 69].
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3-D Growth
3-D growth occurs because the bonding between condensate atoms is stronger than 
condensate substrate bonding. As a result, when nucléation is not limited by surface 
diffusion, adatoms will stack on top o f each other in 3-D islands instead o f forming 
continuous 2-D layers. This tendency to stack on top o f already adsorbed condensate atoms 
is problematic, as it results in films exhibiting poor surface coverage at low thicknesses and 
large defect densities.
The 3-D nucléation process is similar to homogeneous nucléation. A simple example o f  this 
is the formation o f water drops from water vapour. The capilliarity model will be used to 
evaluate this system. As there is no substrate, the only interface is between cluster and the 
gas, so equation 2-8 can be simplified to equation 2-9 [69].
AG =  4ttr^y +  -nr^AG^ (2-9)
Plotting out equation 2-9 shows that for nucléation to occur the activation free energy barrier 
AG* must be overcome. This represents the difference in energy for the competing surface 
and volume terms. For small nuclei the increase in free energy as a result o f the new surface 
is larger than the reduction in energy as a result o f the decreased volume o f nuclei. As a 
result, these nuclei are unstable and will therefore dissolve. For it to be energetically 
favourable for nuclei to grow, the clusters must be larger than the critical radius r*.
Surface
Energy
4nr2y
AG*
GO
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Volume Free
Energy
4/3jir3AG,
Figure 2-16. Plot showing the free energy of the cluster as a function of its radius [69].
The change from unstable to stable nuclei occurs when AG is maximized. Differentiating AG 
with respect to r in equation 2-9 gives.
SjAG)
Sr =  Snry +  4nr^ AG^ (2-10)
Solving this for ô(A G )/5r =0 produces
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Substituting into equation 2-9 gives
Where
r - . ^  (2-11)
A G ^ - ^ l n y  (2-13)
r* Critical cluster radius
R Gas constant
T Temperature
a Molar volume (condensate)
Supersaturation ratio
// Molecular impingement flux
From equation 2-13 it can be seen that the supersaturation ratio is critical to the nucléation of 
atoms in this system. As a result, a critical supersaturation ratio exists below which 
nucléation is unstable and therefore growth will not occur.
This system increases in complexity when considering the formation o f 3-D islands on a 
substrate. For this system, the free energy at the substrate-vapour and substrate-film 
interfaces also need to be considered. As a result the equation for calculating the critical 
nuclei radius becomes equation 2-14 [69].
* _  -^[AiYf+A2Yi-A2Ys] .
^ -  SFASd
The energy barrier, AG, can be calculated by substituting equation 2-14 into equation 2-8. 
This directly affects the number o f stable nuclei on the surface n* (equation 2-15) [3]
^  =  ^  =  e-A C V flT  (2.1S)
711, n i
Density o f cluster o f size]
iJ Density o f adatoms (clusters with 1 atom)
It has been found that systems which nucleate with a large number o f small stable nuclei 
coalesce at lower average film thicknesses (typically within 5-30 nm) than films with a low 
number o f large nuclei which can exhibit island growth for films greater than 1 pm [73].The 
dependence o f the number o f stable nuclei (equation 2-15) and the critical nuclei radius on
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the supersaturation ratio and the temperature indicates that changing these parameters can be 
used to reduce or increase surface roughness [74]. To reduce the surface roughness o f films, 
the process conditions should be changed to produce a large number o f small stable nuclei. 
As the critical cluster size and activation energy vary logarithmically with the 
supersaturation ratio, very large changes in the deposition rate are required to have an effect 
and therefore a reduction in substrate temperature is recommended [73].
It should be noted that the rate o f coalescence is also dependent on the island size, with films 
consisting o f small islands coalescing in a few 10s o f monolayers, whereas films with large 
grains require relatively large thicknesses to coalesce. The average grain size, d, o f thin 
polycrystalline films, will be larger than the critical nucleus size and will often be larger than 
the island size at coalescence although the grain size will be less than the film thickness. The 
grain size will however increase with film thickness [3].
3-D growth is best avoided, this can be achieved by using a substrate with a high surface free 
energy, or by activating the substrate surface using a seed or binding layer to promote 2-D 
growth (equation 2-14)
2-D Growth
For systems where the reduction in Gibbs Free Energy is larger for the adsorption o f atoms 
or molecules on the substrate than on already condensed film layers 2-D film growth can 
occur. The simplest examples o f 2-D growth are homoépitaxial such as a silicon film on a 
clean silicon substrate. However, there are a number o f examples o f 2-D growth for system 
exhibiting hétéroépitaxial growth such as Ge on Si(lOO), Ag on Si(l 11) and Ag on W (100) 
[75].
As the addition o f a film reduces the free energy o f the substrate, 2-D growth can occur even 
when the condensate super saturation ratio is 1 [69]. This is because nucléation is more 
likely at nucléation sites such as atomic steps. This process acts to reduce the exposed edge 
area, (3, by nucleating at these sites and then growing layer by layer [3]. This is known as the 
continuous growth mode and is energetically favourable as there is no increase in surface 
area as would be the case with random nucléation on the surface [69].
However this growth mode can be easily disrupted if  the surface is contaminated. The 
contamination reduces the surface free energy, passivating the surface. The reduction in 
surface energy and the addition o f contaminants interrupts the layer by layer growth and 
promotes 3-D growth. Therefore substrate preparation is o f  vital importance when 2-D 
growth is desired. For this reason most epitaxial growth takes place under UHV conditions
[3].
2-D growth can be used to epitaxially grow single crystal coatings by the continuous growth 
mode if  random nucléation is on the flat terraces is stopped [76]. This is achieved by using 
conditions which result in a large critical nuclei size, r*, and energy barrier for nucléation, 
AG. In the 2-D case, these are calculated using equations 2-16 and 2-17. The 
supersaturation ratio is different to that for the 3-D case as the saturation vapour 
concentration (n^) at the surface of the growing film is higher than maybe expected due to 
the decrease in potential energy for species in the 2-D gas at the substrate surface [3].
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B  excess edge energy surface energy
ns/iiv  Supersaturation ratio in 2D gas 
A  Monolayer thickness
Ils Actual concentration o f 2-D gas
iiv 2-D saturation vapour concentration
From equations 2-16 and 2-17 it is found that for epitaxial growth, a high deposition 
temperature and a low super-saturation ratio are required
During 2-D growth, a small degree o f lattice mismatch (~5%) is acceptable. The lattice 
mismatch is accommodated by elastic strain in the film at low thicknesses and by 
dislocations as the film increases in thickness [3, 69].
When the mismatch in the lattice is too great, the strain cannot be accommodated by 
dislocations and instead 3-D growth begins as is the case in the Stranski-Krastanov growth 
mode [73].
Quenched Growth/ Amorphous Films (Z1)
At low substrate temperatures (<30% o f the melting point Tm) the surface mobility is very 
low. This removes the influence o f y on the growth structure and therefore prevents the 
growth o f a crystalline structure. Instead, the coatings exhibit a disordered amorphous 
structure [3, 77].
The film growth is determined solely by the nature o f the incident species. The kinetic 
energy o f the incident species and the arrival rate are influential in determining the 
microstructure. At low kinetic energies the adsorbed species do not diffuse across the surface 
and therefore reside only a short distance from when they arrived. Figure 2-17 illustrates the 
growth o f a coating in this mode.
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Figure 2-17. Diagram showing the growth structure of a coating under conditions where there is 
low surface mobility and the incident species have low kinetic energies.
The growth observed is a result o f the self-shadowing caused by taller columns. This growth 
mode produces coatings with a columnar structure with large voids between columns. The 
under dense structure extends to the surface, where rough topographies are normally 
observed. If the columns join, then the films will exhibit tensile stress. These coatings are 
not suitable for machining applications; the high porosity is well suited to applications where 
a large surface area is essential such as gas sensors.
The density o f the coatings can be increased by using low deposition rates (where the atoms 
are buried slower) or if  the kinetic energy o f the incident species is increased. If  atoms arrive 
at the surface with large enough kinetic energies (10-40 eV), they are able to fill voids as a 
result o f their enhanced mobility or by forward sputtering the adsorbed atoms. These films 
exhibit a dense amorphous structure which does not possess any grain boundaries [78].
Grain boundaries are a source o f scattering in electronic films, current leakage in dielectrics 
coatings, and sites o f failure for barrier layer and coatings for corrosion resistance. So by 
eliminating the grain boundaries the specific properties o f the films can be improved.
The dense amorphous structure can be difficult to achieve for some materials, due to the 
very low crystalline temperatures o f the materials e.g. some metals crystallise at cryogenic 
temperatures. To avoid the formation o f grain boundaries for these materials, they must be 
deliberately contaminated e.g. the stabilisation o f amorphous silicon with hydrogen [3]. .
2.2.3 Texturing
Texturing in this context refers to the crystallographic texture rather than the surface 
roughness. The crystallographic texture indicates the preferred crystallographic growth 
direction o f the thin film. The crystallographic structure o f the film can range anywhere from 
a randomly oriented with no specific texture (growth in all crystallographic directions is 
similar), to an epitaxially grown single crystal where the entire film is textured in one 
specific direction -  e.g. epitaxial growth o f Si (100) on a Si (100) wafer. [79].
Sometimes, epitaxial growth is not desired. When this is the case, the use o f amorphous 
substrates such as glass, or those with very different lattice parameters to the coating can be 
used to remove the substrate related texturing. When growing coatings on these substrates, 
lattice matching is no longer important, therefore only the surface energies o f the film are
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important. This can be very beneficial, as many materials exhibit properties with 
crystallographic anisotropy. Examples o f this include the piezoelectric effect in ZnO which 
is largest along the [0001] axis. Other examples o f films exhibiting anisotropy in their 
properties include ferromagnetic materials and indium tin oxide, which is least conductive 
when it exhibits a <111> texture [80].
Lee et al. [79] have shown that the competitive growth between crystals with different 
surface textures can be used to grow films with a desired orientation by controlling the 
arrival o f condensate species through either surface mobility or adsorption. When either the 
surface mobility or the adsorption o f condensate species is high, then the high energy surface 
will grow fastest, due to its lower surface mobility, and will therefore become the preferred 
texture. In conditions when the arrival rate o f condensate species is low, the coating grows 
with the low surface energy plane parallel to the substrate.
The texture o f the surface can also be affected by ion bombardment. Ion bombardment can 
have two effects depending on the energy o f the bombarding species. Ions are more reactive 
than their atomic counter parts and are therefore more likely to chemisorb, however they are 
also charged. Therefore a high flux o f ions is likely to affect film growth on polar surfaces. 
For TIN the lowest energy surface for TIN is the (111) surface. However Petrov et al. [41] 
have shown that when the there is a large flux o f ions the non-polar (002) surface grows 
faster than the (111) surface as the surface mobility is lower.
Open channel direction
Aligned ion beam
un-aligned beam
Sputtered atom
Figure 2-18. Diagram showing why textures with an open channel direction facing the 
impinging ion flux are less readily re-sputtered. The energy of the aligned ion beam is dissipated 
away from the surface and therefore no sputtering takes place [3].
The texture o f a surface can also be changed by the re-sputtering o f adsorbed species by 
particles with large kinetic energies (>40 eV), this process is shown in Figure 2-18. The re- 
sputtering typically results in the preferential growth o f textures with open channels parallel 
to the impinging ion flux. This is because in textures with open channels re-sputtering is 
reduced as the energy is dissipated away from the surface [81].
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2.2.4 Structural Evolution
It has been established, that the diffusion length and therefore the tem perature are important 
during nucléation. To categorise these effects M ovchan and Demchishin [82] developed the 
first structure zone model, showing the effects o f substrate tem perature, Tg, (relative to the 
film m elting tem perature, T^, in Kelvin) on the evolution o f the structure o f  thick films 
(0.3-2 m m ).Three zones were originally identified for thick films deposited by evaporation 
which were classified as Z l ,  Z2 and Z3. The model was famously expanded by Thornton 
[77] to include a second axis showing the effects o f  pressure in sputtering. Through 
Thornton’s work, it was found that at low argon pressures, a new  distinct zone known as the 
transition zone, ZT, could be observed. A close up representation o f  the zones are shown in 
Figure 2-20.
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Figure 2-19. Thornton’s structure zone diagram showing the effects of pressure and 
temperature on the structure of thin film coatings produced using a cylindrical magnetron
target (After [77|).
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2t ZT Z2 Z3
Substrate temperature Ts>0,5*Tm
Figure 2-20. Cross sectional diagrams showing the changing growth structure as the substrate 
temperature, T, approaches the film melting temperature T^. After [3].
• Z l (Ts/Tm <0.3) is the typical structure for an ambient CVD or evaporation process 
where surface mobility is approximately zero (quenched growth) and therefore the 
film structure is influenced by shadowing. Thornton describes the structure as 
“consisting o f tapered crystals with domed tops separated by voided boundaries. The 
internal structure is poorly defined with a high dislocation density”. The diameter o f 
the crystals increases with Tg/Tm indicating a low activation energy. Coatings with 
this structure can be hard, but weak [83].
• ZT is typically deposited using energy enhanced deposition techniques, such as 
sputtering. The structure is similar to Z l, consisting o f poorly defined fibrous grains. 
However, as the impinging atoms are energetic the structure is dense without voided 
boundaries. The surface is relatively smooth with grooves at the grain boundaries, 
and the grain size increases with Tg/T^ [83].
• Z2 Tg/Tm (0.3-0.5), surface diffusion is significant and the deposited film grows in 
columns separated by distinct dense intercrystalline boundaries. The surface is 
smooth, with a matt appearance. The column size is proportional to Tg/T^, and at 
high Tg/Tm can extend to the full film thickness. The activation energy for this 
growth mode is approximately equal to that o f surface diffusion. Metals with this 
structure have properties similar to cast metals [83].
• Z3 at Tg/Tm>0.5 the bulk diffusion is activated, annealing the coating during 
deposition. The structure is no longer columnar and instead exhibits more equiaxed 
crystallite shapes due to recrystallization. The surface is smooth, shiny metal coating 
are produced for this growth mode with properties similar to fully annealed metals. 
Grains can be larger than the film thickness [83].
It can be seen from Figure 2-20 that the surface temperature can be used to increase surface 
diffusion, therefore producing films with smooth surfaces and crystalline structures. The 
work by Thornton shows that by lowering the process pressure, ion bombardment can be 
used as an energy source in magnetron sputtering. In the HiTUS system, the plasma 
densities are much higher; therefore it is possible that the ion bombardment may be more
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beneficial. Also in addition to this, the plasma density can be controlled by the RF power 
and not ju st the argon process pressure. A major question to be addressed in this work is to 
determ ine and understand how this increased process flexibility can be used to benefit the 
deposition process.
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Figure 2-21. Structural zone diagram developed by Anders e t  al. showing the effects of energy 
flux and temperature on thin film structure (After 1781). The temperature and energy scales use
arbitrary units.
The structural zone diagram proposed by Anders et al. [84] shows the effects o f  energy flux 
on the grow ing film in a ion-assisted system. The HiPIM S and HiTUS processes both 
benefit from a large ion flux incident on the growing film. It is expected that Figure 2-21 is 
indicative o f what occurs in the HiTUS process. The diagram shows that by bom barding the 
growing film with a high flux o f ions with 10-40eV, the deposition tem perature required to 
produce a film with Z3 structures can be reduced [84]. This effect is because particles with 
kinetic energy o f  greater than 40 eV have enough energy to initiate a  collision cascade and 
therefore cause bulk displacement causing heating below the film surface [84]. Interestingly 
the structure zone diagram shows that low tem perature epitaxial growth may be possible 
using this effect. This diagram plots the effect o f energy delivered to the film on the 
structure, this is a com bination o f the kinetic energy o f  the ions and the ion flux. However, it 
is im portant to note that films deposited at the same energy can be quite different depending 
upon the deposition rate and the relative flux o f  ions to neutrals. In the next section, the 
difference between systems in which the energy is delivered by a large flux o f low energy 
ions and a small flux o f  high energy ions will be discussed. The diagram also shows that in 
this experiment, at high energies the ion bombardm ent is heating the coating (hence the 
inaccessible region), this could be a problem if appropriate substrate cooling cannot be
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found. The work by Anders et al. shows that ionised physical vapour deposition (I-PVD) 
appear to expand the field o f thin film deposition and will enable the deposition o f high 
quality films at lower temperatures.
2.2.5 Ion Bombardment
Ion bombardment has a large effect on the microstructure o f a coating, in addition to 
affecting the crystals texture; ion bombardment can change the density o f coatings and their 
surface roughness.
Processes utilising a high degree o f ion bombardment such as HiPIMS can exhibit increased 
local film surface temperatures; film densification and surface smoothing as a result of 
increased surface mobility from energetic incident ions and neutrals; increased reactivity 
with reactive gases; better film-substrate adhesion and more conformai coatings.
Microstructure
The microstructure o f films is determined by the surface mobility o f species, and their effect 
on the surface free energy. A high flux o f ionised film species can result in an increased 
surface mobility and can also change the chemistry o f a system resulting in different 
structures and textures [41].
Research has shown that not only is the energy arriving at the surface important, but also 
how it arrives at the substrate. Processes with a low flux (ratio o f ionised film species, Ji, to 
neutrals Jn is less than 1) o f high energy ions (>100eV) will produces films with a 
significantly different structure to those with a high flux (Jj/Jn >5) o f low energy ions 
(-20  eV) [85]. Coatings produced with a high flux o f low energy ions have been shown to 
resemble films grown at higher temperatures [86, 87]. Examples o f the advantages o f the 
high flux (25.6 mA/cm^ o f medium energy (-70  eV) ions include work by Schneider et al. 
[88] who were able to deposit K-alumina at 430°C using inductively coupled plasma 
magnetron sputtering. For comparison, to deposit K-alumina using CVD, the substrate would 
need to be heated to 1000 °C. Kurisu et al. [51] were also able to demonstrate an 
improvement in crystal quality in CuCl nanocrystals. In both studies the benefits are 
attributed to bombardment from ionised film species [89].
However, if  the energy o f the incident ions is increased to 50 eV, the impact energy is not 
confined to the film surface. At these energies, the collision cascade results in ion induced 
defects in the film bulk, degrading the films properties [90]. However, the use o f higher 
bombardment energies can usefully promote the formation o f metastable phases, such as sp^ 
hybridised bonding in diamond-like carbon.
Guiding of Material Flux and Selective Deposition
By using ionised species, the conformity o f the coating process for textured surfaces, such as 
those used in integrated electronics, can be improved. This is because ions are accelerated by 
the drop in potential between the plasma and substrate. As a result, most o f  the ion 
momentum is directed towards the substrate and deposition down into vias and trenches
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improving the coating coverage in these areas. This effect is improved with a higher ratio of 
ions to neutrals.
The collimation o f the flux increases as a function o f the potential drop across the sheath. 
This can be accomplished by biasing the substrate or increasing the plasma density. A 
secondary mechanism o f improving the collimation is to decrease the process pressure to 
reduce scattering o f the incident flux.
For trenches wider than the plasma sheath width the plasma can enter the trench and the ions 
can be accelerated perpendicularly towards the side walls. This results in the deposition of 
dense coating on the side walls, rather than the porous coatings which are deposited when 
the condensate is incident at grazing angles, as is the case in non ionised processes.
A comprehensive review o f condensate guiding in 1-PVD is presented by Rossnagel [90, 
91].
Reactive Sputtering
The use o f a high density plasma is beneficial in reactive sputtering as the probability o f a 
reaction between the reactive gas and the sputtered species is increased. An example o f the 
beneficial effect o f high density plasmas is presented by Matsuda et al. [41, 92], who were 
able to deposit stoichiometric MgO at lower oxygen partial pressures using an inductively 
coupled plasma magnetron sputtering system compared that for standard magnetron 
sputtering. By using a lower oxygen flow rate, the process stability was increased and so was 
the deposition rate as target poisoning was less likely to occur.
The high density plasma can increase the reactivity in two ways, 1) by the bombardment o f 
the film with ions from the sputtering gas, thus increasing the energy at the surface and 
therefore its reactivity. 2) By ionising the reactive species [93], the ionisation energy o f 
metals is approximately half that o f oxygen or nitrogen and therefore at low plasma 
densities, the increase in reactivity can be attributed to the ionisation o f metals. However, 
oxygen and nitrogen are ionised at a similar energy to argon gas, so in systems where a large 
volume o f argon is readily ionised, it is reasonable to assume that ionised species o f the 
reactive gas will also be present [94].
2.2.6 Mechanisms of Heat Flux to the Substrate and their 
Influence on Growth
The energy input from the impinging atoms and plasma to the substrate surface plays a key 
role in deposition process as it determines the local temperature at the surface o f the growing 
film and therefore influences the adsorption, desorption and surface diffusivity o f atoms 
[95]. As these factors are influential in determining the film stoichiometry, structure and 
morphology, alternative sources (other than a heated substrate table) are o f particular 
importance for the low temperature deposition o f films, such as transparent conducting 
oxides, onto flexible organic substrates [3]. It is also known that energy enhanced processes 
(e.g. sputtering) exhibit improved surface adhesion [3]. It is thought that this is due to the 
forward sputtering o f adsorbed atoms, by the impinging atoms, into the substrate surface, a 
process known as ion mixing [94].
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The heat flux to the substrate from a conventional thermal plasm a can be calculated 
classically using the thermal conductivity o f the substrate and heat transfer coefficients. For 
non-equilibrium  plasmas, such as the plasmas used in sputtering, the energy in the plasm a is 
not determ ined by a heat source. In these plasmas, the electrons have substantially higher 
energies than the ions and gas neutrals, which have ambient energy/tem perature, m aking it 
more difficult to calculate the energy. In these plasmas, the heat flux to the substrate surface 
is the sum o f  several sources, including; transfer o f  kinetic and internal energy from 
bom barding particles (charged and neutral), heat radiation, photon absorption and chemical 
reactions [96].
Kersten et al. [96] were able to analyse the heat flux from energetic bom bardm ent to a 
substrate in a radio frequency (RF) generated argon plasma. Using a biased silicon 
substrate («diam eter: 3.4 cm, area As=18 cm^ and thickness 0.2 cm) the 1-V characteristics 
o f the bom barding species were recorded (Figure 2-22).
I
—■— At, 1 P i
-10
0-80 -60 -20 20-100 -40-120
VsîV]
Figure 2-22. A plot showing the I-V curve for the biased substrate, after [96].
A silicon substrate was used to calculate the heat flux by m easuring the rate o f  tem perature 
rise and fall (equation 2-18).
Qm =  H ^ ( h e a t )  -  H ^ ( c o o l )  = m e
d t d t cool J  I
(2-18)
Qin Heat in
Hs(heat) Rate of heating (plasm a on)=Qm-Qout 
Hs(cool) Rate of cooling (plasm a off)=-Qout 
M Mass
C Specific heat capacity
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Figure 2-23. A plot showing the heat flux as a function of substrate bias V; for an argon RF 
plasma. By varying the substrate bias the plasma sheath potential is changed enabling the 
impinging species to be filtered out. J; shows the heat flux to the substrate from the impacting 
ions, Je the heat flux from the electrons and Jrec is the heat flux from recombination. After [96].
Kertsen et al. also found that the heat flux to the substrate can change depending on which 
gas is used to strike the discharge. Using a Langmuir probe, it was found that for an RF Ar 
discharge, the major source o f heating for a negatively biased substrate (e.g. the substrate is 
self-biased) was due to the energetic bombardment from charge carriers (energy flux 
between 3xl0'^-6xl0'^ J cm'^ s‘‘) while neutral species contributed only 1x10'^ J cm'^ s'% see 
Figure 2-23. However, similar experiments were conducted for an oxygen plasma and it was 
found that the energy flux increased to between 5x10^-9x10^ J/cm^, approximately 50% 
larger than the heating in the argon plasma. For the oxygen, neutral species are the main 
source o f heating under these conditions. The reason for this appears to be that as a 
molecule, oxygen can store energy in the bond between the atoms in the form of rotation and 
vibration about the bond, and therefore neutral species are also energetic. In addition to the, 
contribution from negatively charged ions should be significantly reduced as most 
negatively charged ions will be repelled by the negatively biased probe. The increase in 
energy from the oxygen is not considered to be from chemical reactions as the probe is 
quickly passivated by oxygen at the start of the measurement. However in a sputter 
deposition process, the chemical reaction of oxygen with the deposited metal and the 
bombardment from O2 ions created near the cathode are expected to contribute significantly 
to the heating [3].
Although this is the case for an ideal plasma, it is not the case for a magnetron sputtering 
system. Sputter deposition processes are more complex than a plasma alone, due to the
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presence o f sputtered species and backscattered atoms. As the Ar^ ion is accelerated towards 
the target, it is unlikely to transfer all its energy to a single atom and therefore after 
neutralisation it will almost certainly backscatter, due to the inefficiency o f momentum 
transfer (equation 2-1 ) [97].
Matsui et al. [97] used a quadrupole mass analyser to determine the species impinging on 
the substrate during Permalloy sputtering. From Figure 2-24 it is clear that argon atoms 
make up the majority o f impinging neutral species [94]. Kersten et a l  have also identified 
that if  no substrate bias is applied, the flux o f backscattered neutrals is the main source of 
heat, although for cylindrical magnetron targets theoretical modelling by Thornton et a l 
predicts that plasma radiation may contribute up to 30% o f the total heat flux [97].
Ar(40)
Cl
Ni(58)
[60) 1Fe(56)
Mass Number m/z
Figure 2-24. Typical mass spectra of neutral species in plasma during the magnetron sputtering
of Permalloy. (After [98] ).
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2.3 Tin Doped Indium Oxide
Transparent conductive tin doped indium oxide (ITO) coatings were first reported by M.J 
Zunick in 1947 [99], the material was first sputter deposited by Holland and Siddel in 1955 
[100]. Since this initial research, ITO has become one o f the most widely used transparent 
conducting oxides (TCOs) [101] with applications in fiat panel displays [100] and solar cells 
[ 1 0 0 ] as a transparent electrode and in the self-defrosting windows used in aeroplanes [ 1 0 0 ]. 
The material exhibits the best combination o f low specific resistivity, good optical 
transmission, good etchability, low deposition temperature and environmental stability. The 
low specific resistivity o f ITO is particularly important for display applications, where by 
using the thinnest layers o f ITO which are fit for task, the aspect ratio o f vias can be kept 
small, preventing possible issues in the conformity and step coverage o f subsequent layers 
[102,103].
ITO is based on indium oxide (1 0 2 0 3 ), which as a result o f its wide optical gap (=3.6 eV 
[103]), is transparent from 345 nm to the near infrared. The fundamental electronic bandgap 
o f indium oxide is nearer to 2.7 eV and can be even less than this for heavily doped ITO as a 
result o f bandgap renormalisation [103, 104]. The difference in measured electronic and 
optical band gaps is a result o f forbidden optical transition states from the valence band 
maximum [105].
Fully stoichiometric luiOg is insulating. However, sub-stoichiometric In2 0 s possesses 
intrinsic defects in the material which are located just below the conduction band and are 
therefore readily ionized at room temperature [106]. This results in In2 0 s having a carrier 
density o f =5 x 10^° cm“  ^ [105] (the same as amorphous ITO) resulting inn-type degeneracy 
and therefore it is electrically conducting at room temperature [107]. Two explanations for 
the source o f the free carriers are 1 ) oxygen vacancies [108] and 2 ) unintentional hydrogen 
doping [109-112]. Recent research suggests that oxygen vacancies are a deep donor at room 
temperature and are therefore unlikely to be the cause o f the electrical conduction at room 
temperature [71, 113]. In ITO, indium oxide is doped with between 5 to 10 at.% Sn [114] 
(typically a 90:10 wt.% In:Sn target would be used for sputtering), this result in the further 
increase in the free charge carrier (electron) concentration to between 1 - 2  x 1 0 *^ cm"  ^by 
substitutionally doping In^^ sites with Sn'*  ^[115].
The doping efficiency is increased as a function of the energy at the substrate during 
deposition [71, 105]. Above 120°C indium oxide crystallises into a cubic bixbyite structure 
(which can be considered an imperfect fluorite structure [116] ). During this process, the 
lattice becomes ordered and the substitutional doping takes place. To improve the doping 
efficiency, films are typically deposited on substrates heated to = 200 °C [117], although 
further improvements can be seen at higher substrate temperatures [118]. At high 
temperature (greater than 150°C and therefore unsuitable for use on transparent plastic such 
as PEN [119] ), the best ITO is deposited using pulsed laser deposition (FLO) with several 
cases o f the deposition o f ITO with specific resistivity less than 1.0 x 1 0  cm reported 
[120-122]. However this technique is not suitable for large area deposition. Using magnetron 
sputtering, ITO is typically deposited with specific resistivity o f 1.28 x lO’^  O cm, electron 
mobility o f the order o f 30 cm^/ V s and carrier concentrations o f 1.4-1 . 8  x 10^  ^cm'^ [123].
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Although much progress was made on improving the specific resistivity during the 1970’s 
and 80’s this appears to have now plateaued at ~ 1.0 x IC'^Qcm (Figure 2-25). The upper 
mobility limit for transparent conducting oxides with carrier concentrations of 
~ 1.0 X 10^  ^cm'^ is less than 66 cm^/ V s [100]. The reduction in mobility is largely 
attributed to scattering at charge centres (the dopants) and is known as ionized impurity 
scattering [118].
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Figure 2-25. A plot showing the published specific resistivity for ITO from 1972 to 2013.
[118,124-131]
The recent interest in flexible electronic devices has increased demand for processes offering 
low temperature deposition o f high quality ITO onto large area polymeric substrates [132]. 
This has resulted in fewer papers on doped zinc and indium films deposited at high 
temperatures since 2003 and hence the apparent increase in the films resistivity (Figure 
2-25). The move to plastic substrates is driven by their relative low cost, mechanical 
flexibility, and light weight [133, 134]. These properties not only make flexible devices 
attractive to the end customer, but also enable efficient mass manufacturing using ‘roll to 
roll’ processes [135]. However, due to the thermally sensitive nature o f polymers, sputter 
deposition o f high quality ITO is an area o f  intense research. The best results for ITO 
deposited without substrate heating are typically o f the order o f 4 x 10"^  cm [116, 136] 
although material with specific resistivity o f 3.8 x lO'"* O cm has been deposited using 
HiTUS [116].
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2.4 Summary
The literature review has shown how sputtering has evolved from Faraday and Grove’s 
diode sputtering, to the factory sized magnetron sputtering systems now employed in the 
$100 billion coatings industry.
Magnetron sputtering has been shown to be a flexible deposition technique, capable o f 
depositing a wide range o f materials. One o f the major benefits o f sputtering is that, unlike in 
evaporation, material can be vaporised below its melting temperature. This is particularly 
useful for depositing high temperature metals, and alloys. When depositing alloys, the film 
and target material will be o f a similar composition. The coatings deposited by sputtering are 
also o f high quality and tend to exhibit very good adhesion. Sputtering can also be used to 
deposit a wider variety o f metals than CVD. However, magnetron sputtering has some 
fundamental flaws which make the deposition o f dielectric and ferromagnetic materials 
difficult, even with the sophisticated process monitoring techniques employed.
Sputtering has also been shown to benefit from an ability to deposit equivalent films at lower 
temperatures than other techniques. This is a result o f the energetic ions produced by the 
glow discharge. These impart energy to the substrate through ion bombardment. This 
process increases the mobility o f the adsorbed species and is therefore has a similar effect to 
a rise in temperature. The ion energy can be controlled using the process pressure and can 
also be used to tailor the crystallographic nature, microstructure, defect density, and 
composition o f the growing film as well as improving step coverage by aligning material 
flux and increasing the reactivity during reactive sputtering. The benefits o f ion 
bombardment were discussed in more detail in §2.2.5
Ionised physical vapour deposition (I-PVD) techniques have been developed to further 
utilise ion bombardment by controlling the ion flux using the modified magnetic fields, 
inductively coupled plasma, or special power supplies. Through these techniques, energetic 
ions can be used to deposit high quality coatings at lower temperature than competing 
technologies. Most o f the I-PVD techniques are based on magnetron technology and 
therefore, although these techniques have been seen to improve process stability, the flaws 
associated with magnetron sputtering still exist.
Process engineers developing a process have a range o f tools at their disposal to enable the 
deposition o f a coating with the desired properties. It has been shown that the properties o f 
the film are determined by the coating material, the ratio o f coating material to that o f the 
contaminants and sputtering gas impinging on the film surface, the ratio o f ions to neutrals, 
and the kinetic energy o f these in the incident flux. The substrate material, surface 
cleanliness, crystallinity and texture also influence the thin film growth process, as does the 
deposition temperature. Using these parameters, the film structure and properties can be 
controlled.
Film nucléation can occur in one o f three ways, 3-D, 2-D or 2-D then 3-D. For dense films
2-D nucléation is preferred, as coatings with a 2-D nucléation mode contain fewer defects. 
To achieve 2-D, the film to substrate bond energy must be larger or equal to that o f 
coating/coating bonding. This is achieved by selecting the substrate, and treating the
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substrate to increase the bond strength. The mobility must also be large enough and 
deposition rate sufficiently slow so that the film growth is not quenched.
3-D nucléation is not desirable if  a dense film is the objective, however for applications such 
as gas sensors where a large active area is desired, this nucléation mode may be useful. 
Films grow with a 3-D structure when the coating/coating bonding is stronger than the 
bonding to the substrate. The structure will incorporate grain boundaries and the film will be 
less dense and is likely to exhibit inferior properties to films which nucleate in the 2-D 
mode. The substrate/coating bonding can also be affected by stress and this is what leads to 
the 2-D then 3-D growth mode.
In addition to the nucléation, it has been shown that the texture and the structural evolution 
o f the coatings can be controlled using careful selection o f the substrate and process 
conditions and the preferential orientation o f a range o f lattice structures has been 
highlighted. Thornton’s diagram and the work by Petrov et al. show that ion bombardment 
and the deposition temperature appear to be powerful tools for changing the structural 
evolution o f the coatings.
The work by Kersten et al. has also been discussed. This shows the sources o f energy in a 
glow discharge system. Energy from ion bombardment has been shown to be the single 
largest contributor o f heating for an ambient process. However, the coating is also heated by 
chemical reactions at its surface, by adsorption o f photons from the plasma and radiative 
heating from other surfaces. Thornton has shown that in cylindrical magnetron sputtering 
systems the energy from the plasma may contribute as much as 30% of the heating.
Finally, the optical and electrical properties and process condition required to achieve good 
quality ITO thin films have been discussed. There is a technical need to develop a deposition 
process which can deposit high quality ITO thin films over large areas onto polymeric, 
temperature sensitive substrates.
The sensitivity o f ITO to the process conditions, and its use in the lucrative displays industry 
make it a good choice for a standard material with which the performance o f inline Linear 
HiTUS deposition facility can be assessed.
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3.1 Introduction
The properties o f  the thin film samples deposited in this thesis were comprehensively 
characterised using a range o f analytical techniques. This included the characterisation o f 
thin film crystallinity using X-ray diffraction (XRD); surface morphology with scanning 
electron microscopy (SEM); chemical composition using X-ray photoelectron spectroscopy 
(XPS) and energy dispersive X-ray spectroscopy (EDS); optical transmission and optical 
bandgap using UV-Vis-NIR spectrophotometry and carrier concentration and Hall mobility 
measurements using a Hall Effect four point probe. Details o f the instrumentation and 
experimental conditions employed are presented in this chapter.
3.2 Optical Transmission
The optical transmission was characterised using an AvaSpec UV-Vis-NIR 
spectrophotometer with spectral range o f 300 -  1100 nm. In addition to being an important 
property for transparent conducting materials such as ITO, the onset o f transmission can be 
used to approximate the electronic bandgap using the Tauc relationship (equation 3-1) [137].
{ah  o f  =c[hv-E g )  (3-1)
Where a  is the absorption coefficient, h is Plank’s constant, v is the frequency o f light, ^ i s  
the energy band gap and C is a constant. When hv is equal to the bandgap, (a h v f  will tend to 
zero and thus the bandgap can be determined [137].
3.3 X-Ray Diffraction
Characterisation o f the sample crystal structure was undertaken using a Panalytical X ’pert 
XRD diffractometer using a Cu K a source (0.15418 nm) running at 40 kV and 30 mA. A 
range o f 20-50° 20 was scanned with a step size 0.017° (20) and a scan step time o f 81.4 
seconds.
XRD provides information regarding sample crystallinity, the specific crystal structure 
formed and any preferential orientation o f crystallites within the film. Grain sizes can also be 
calculated from the XRD peak widths using the Scherrer equation.
The XRD peaks were fitted using the De Keiser single line method employing a least 
squares fit o f a pseudo-Voigt function [138, 139]. It was assumed that Gaussian and 
Lorentzian broadening were due to strain and crystallite size respectively. The full width half
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maximum (FWHM) was determined from the Lorentzian component o f the peak fit and the 
average grain sizes were calculated by applying the Scherrer equation.
3.4 Hall Measurements
The mobility and carrier concentrations were measured using an automated process on an 
Accent HL550 Hall system. The general theory and experimental set up is presented below. 
For the Hall mobility measurements, the Van der Pauw technique was employed [140]. The 
films were etched into a cloverleaf shape by masking the film with photoresist, and etching 
the unmasked ITO in hydrochloric acid. Hall measurements were conducted by attaching 4 
probes to the samples as shown in Figure 3-1.
Figure 3-1. Schematic showing the experimental set-up for measuring the Hall mobility and 
carrier concentration of the ITO films using the Van der Pauw technique.
Four electrodes were attached to the sample at 90° to one another. The resistivity o f  the 
samples was measured by driving a current between points 1 and 4 and measuring the 
voltage produced between 2 and 3. To check for asymmetry this is repeated by driving a 
current between 1 and 2 and measuring the voltage between 4 and 3. The specific resistivity, 
p, is calculated using equation 3-2. Where d is the film thickness and R ’ is the average o f the 
two resistance measurements.
P =
 ^ Tid^
y l n 2 y
R' (3-2)
The Hall mobility measurements are taken by applying a current. Is, between 1 and 4 and 
measuring the change in voltage, Vh, with magnetic field, between points 2 and 3, this can 
be used to calculate the resistance, R. The Hall mobility, pn, is calculated using equation 3-3. 
Where B is the magnetic field;
dV^  dR
By combining equations 3-2 and 3-3 the mobility is found to be
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The carrier concentration can be calculated using equation (3-5 
Where,
N  is the dopant concentration (in cm'^) and q is the charge o f an electron (1.6021 x 10'^^ C).
For accurate Hall measurements, it is essential that the films exhibit a homogenous 
composition and thickness and that the probes are placed on the edge o f the sample.
3.5 Specific Resistivity
A Jandel Engineering Ltd four point probe was used to measure the sheet resistance o f the 
conducting films. The four point probe is driven using a Keithley 228A voltage/current 
source set at a constant current o f 0.0045A to obtain a voltage which is equivalent to the 
sheet resistance Rs. The voltage output is measured using a Keithley 192 programmable 
digital multi-meter. For a thin film sample where the thickness is much smaller than the 
sample width and length, the specific resistivity can be calculated using equation (3-6)
[141].
R^  = p it = 4.53F / 1 (3-6)
Rs Sheet resistance (Q/D)
p  Specific resistivity (Q cm)
t Film Thickness (cm)
V  Measured potential difference (V)
I  Current (A) (set point o f 0.0045 to cancel with 4.53 constant)
For conducting films, the specific resistivity is an important property and can be used to 
directly compare the quality o f the thin film against those deposited by other methods.
3.6 Fiim Composition
The chemical composition o f the thin films was determined using X-ray photoelectron 
spectroscopy (XPS) and energy dispersive X-ray spectroscopy (EDS). XPS was conducted 
using a Thermo Scientific Sigma Probe X-ray photoelectron spectrometer. The Sigma probe 
uses an M XRl micro-focused monochromatic X-ray source to produce 100 W (15 kV x 
20 mA) AlKa (hv = 1486.6 eV) radiation. The beam was focused to define a spot o f 400 pm 
radius on the sample, from which photoelectrons were emitted. These photoelectrons are
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collected by the input lens (aligned at 53° to the sample normal) and transmitted into the 
hemispherical analyser. The analyser consists o f two concentric hemispheres, to each o f 
which a bias is applied. The mean bias voltage o f the hemispheres determines the kinetic 
energy o f the electrons, while the difference in the hemisphere bias voltages (the pass 
energy) will determine the range o f kinetic energies which are guided around the 
hemispheres and arrive at the detector. Those outside o f this energy range will impact one o f 
the two hemispheres and hence not be analysed. The transmission and resolution o f the 
analyser are defined by the pass energy. A large pass energy o f 100 eV is used for initial 
survey spectra and results in a high transmission o f electrons enabling a spectrum to be 
acquired quickly and at good sensitivity. However, the energy resolution is diminished due 
to the large energy range o f electrons arriving at the detector. To obtain good chemical state 
information and to undertake quantitative surface chemical analysis, a low pass energy o f 2 0  
eV was used to produce high resolution core level spectra. Quantitative data was calculated 
from the high resolution, core level spectra following the removal o f a non-linear (Shirley) 
background and the application o f instrument modified Schofield sensitivity factors (to 
correct the electron energy analyser transmission function). The chemical composition o f the 
surface was calculated by dividing the peak area by the relative sensitivity factor for that 
transition. The manufacturer’s ‘Avantage Version 4.84’ software was used to process these 
spectra. Ion etching o f the samples was performed by rastering an Ar^ beam (1 pA beam 
current, 3 kV potential) produced using an EX050 argon ion gun over an area o f 4 x 4 mm^.
The EDS spectra were acquired on a Jeol 8600 microprobe using an Oxford Instruments 
EDS detector, running on an INCA platform. Accelerating voltages o f 20 kV and 10 kV 
were used for the cross-section images and the surface images respectively. As the 
absorption coefficient for X-rays is much smaller than that for electrons, the analysis depth 
o f EDS is much larger than that for XPS (~ lpm  as opposed to ~ 5 nm). This enables EDS to 
be used to analyse the bulk composition.
To perform a quantitative analysis o f a sample using a EDS, spectra need to be acquired 
from standards o f the materials of interest for comparison and from a cobolt standard to 
correct for variations in beam current. Once the standards are acquired, the Oxford 
Instruments INCA software can be used to apply the relevant Phi-Rho-Z matrix correction 
factors and to use the internal filters remove the noise and Bremsstrahlung background to 
produce an accurate peak intensity which can be compared to the standard data to quantify 
the sample composition [142].
3.7 Growth Mode and Surface Topography
The growth mode o f the film is indicative o f the deposition conditions employed and can 
provide useful information for understanding certain mechanical and physical properties o f 
thin films (Figure 2-20). Using a Hitachi S4000 SEM, fracture cross-sections o f the films 
were recorded which provide useful information on the film growth mode. To generate the 
cross-section sample, the thin films were deposited onto silicon substrates and cleaved. A 
Hitachi S4000 SEM was also used to take images o f the surface topography.
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TLO?, PbOx and ITO using the Standard 
HiTUS
4.1 Introduction
In this section, the standard high target utilisation process (HiTUS) is introduced and a 
number o f characterisation techniques are employed to determine the composition, structure 
and properties o f various thin film materials deposited using the standard HiTUS facility. 
The materials chosen were those that were o f current commercial significance to PQL. This 
work provided the opportunity to provide some baseline data for thin films deposited by 
standard HiTUS and to develop some expertise in appropriate characterisation techniques.
4.2 High Target Utilisation Sputtering
High target sputtering utilisation sputtering (HiTUS) was developed by Thwaites et a l  [9] in 
1998. The system is based on the original diode sputtering configuration (§2.1.2), but rather 
than generating the plasma between two biased plates, it is generated remotely in the plasma 
launch system (PLS). This produces a high plasma density which can be directed and shaped 
to give a uniform distribution o f ions over the target surface yielding a high deposition rate, 
and full (> 90 %) target erosion. The uniform target erosion is beneficial for reactive 
sputtering processes, as it suppresses any formation o f metal oxides on the target resulting in 
less variation in the stoichiometry o f material sputtered and a more stable deposition process 
(Figure 4-1). The HiTUS process is stable enough to enable the reactive sputtering o f 
dielectric material from a metal target without a decrease in deposition rate (indicating that 
the target is not being poisoned) without active process feedback control o f the gas flow rate.
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racetrack
SS.
Figure 4-1. A photograph of a copper target used for magnetron sputtering (left) and an 
aluminium target used for HiTUS sputtering (right). It can be seen that the copper target is not 
homogenous and that there is a “racetrack” of metal surrounded by copper oxide. The HiTUS
target appears to be homogenous.
The plasma is confined in the magnetic field between two electromagnets. By adjusting the 
magnetic field strength, the plasma is shaped and directed at the target. A photo of a 
production HiTUS system (Figure 4-2) and a system schematic diagram (Figure 4-3) are 
shown below
Figure 4-2. Photograph of a HiTUS production system.
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Figure 4-3. A schematic diagram of the HiTUS sputtering facility.
The remotely generated plasma has a number o f advantages compared to magnetron 
sputtering. As the plasma is generated away from the target, ferromagnetic materials can be 
sputtered easily as there is no reduction in the plasma density by the reduction in magnetic 
field [143]. Also as the plasma is generated independently o f the target, the target current 
and bias are quasi-independent resulting in a large parameter space (Figure 4-4). Like in 
ICP-MS this separate control o f the plasma power (and therefore the number o f ionised 
species) gives the operator easy access to another material parameter which in magnetron 
sputtering is indirectly controlled by the gas pressure and magnet current. This was used by 
Vopsaroiu et al. to deposit CoFe films, with different grains sizes depending by changing the 
DC bias if  all other parameters remain constant. A low DC bias (-120V ) results in the 
growth o f a film with smaller grains than deposited for a process using a high DC bias (- 
1000 V) [143]. The change in grain size was attributed to the increase in kinetic energy for 
material sputtered at high DC bias. This is believed to increase the surface mobility o f 
deposited species. Similar results were observed by Calnan et al. for ITO [144].
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Figure 4-4. Plot showing the target current for 4 different RF plasma powers. It can be seen that 
for a target bias between -100 V and -  1000 V, the target current is only affected by the RF
plasma power.
The remote generation o f the plasma has many other benefits. As the plasma is generated 
remotely, it can be active without any sputtering taking place. This is beneficial for 
removing weakly bonded contaminants and can be performed even when the substrate is not 
attached to a power supply (as is necessary for substrate sputter cleaning). To increase the 
effectiveness o f this process, the plasma is directed onto the substrate by reversing the target 
magnet’s polarity. This “plasma clean” is o f particular importance as, by immersing the 
substrate in a plasma containing ions o f hyperthermal energy (1-30 eV), weakly bonded 
surface atoms and molecules can be removed (desorbed). This treatment actively removes 
water from the substrate surface and can be used on a large range o f substrates including 
plastics which would be unsuitable for baking. The removal o f surface contaminant 
increases the surface free energy o f the substrate, greatly improving the adhesion o f the film 
to the substrate [145].
4.3 Coating Deposition Methodoiogy
It is normally preferable to deposit metal oxide coatings using HiTUS in the reactive 
sputtering mode, since metallic targets are cheaper, more available, and result in a higher 
deposition rate. The metallic targets employed are at least 99.99% pure. Argon is fed into the 
chamber near the target, and to deposit low stress films, a process pressure o f approximately 
0.3 Pa is typical. For the deposition o f metal oxides, oxygen is bled into the system close the 
substrate by use o f a distribution ring. The majority o f the oxygen is consumed by the 
process and only a relatively small rise (approximately 3 x 10'^ Pa) in process pressure 
would be expected during deposition giving a pressure o f approximately 0.33 Pa.
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Before coating, the substrates were first cleaned using an EcoClear® cleaning solution and a 
mask is applied to provide a sharp step for film thickness measurements. The chamber was 
evacuated to a base pressure o f 2  x 10'^ Pa using a cryopump to reduce contamination to less 
than 1%, at deposition rates greater than 10 nm/min. The samples are mounted and fixed on 
a rotating substrate holder positioned 15 cm above the target. By rotating the substrate, the 
differences in deposition rate across the sample are smoothed, increasing the uniformity o f 
film thickness across the sample.
At the start o f the run a series o f preparatory steps were performed, these were;
( 1 ) 5  minute plasma clean o f the substrate to improve adhesion.
(2 ) 5  minute pre-sputter o f the target to remove the surface layer and expose 
uncontaminated material to produce near identical start conditions for each run.
(3 ) 5  minute target stabilisation period where the target is reactively sputtered in Ar/ 0 2  
atmosphere but the substrate is shielded using the shutter.
The stabilisation process will indicate if  the process is likely to run-away, while allowing the 
target to reach its equilibrium condition before deposition. The partial pressure o f  oxygen 
was controlled using a 200 seem O2 corrected, N 2 mass flow controller (M FC )\ Having 
completed the three preparatory steps, the shutter was opened and the film deposited.
Three thin film materials, lead oxide (PbOx), titanium oxide (Magnéli phase - Ti4 0 7 ) and tin- 
doped indium oxide (usually referred to as ITO) were reactively sputtered from metallic 
targets onto glass and silicon substrates. The deposition process parameters were varied to 
yield the optimum thin film optical transmission and specific electrical resistivity properties. 
Once the process was optimised the stoichiometry, structure and morphology o f the best 
performing thin films were characterised using a range o f analytical techniques as described 
in Chapter 3.
4.4 T/4O7 Thin Fiims
4.4.1 Introduction
Titanium oxides, exhibit a number o f distinct phases which form when the material is non- 
stoichiometric [146]. The sub-oxide phases are known as Magnéli phases and they share a 
common chemical formula o f Tin0 2 n-i* The Magnéli phase, Ti4 0 ?, is o f commercial interest 
due to its electrical conductivity and corrosion resistance [146]. Ebonex Corporation form 
Ti4 0 ? by the reduction o f titanium dioxide rods in a hydrogen atmosphere for use in lead acid 
batteries [146], but it would be technologically useful to deposit this material in thin film 
form. Magnéli phase thin films can been deposited using CVD [147], but no literature has 
been found on the controlled deposition (without post deposition annealing) o f a single 
phase TwO? by sputtering. In this section, to demonstrate the process stability and the
*The gas correction factor for N 2 to O2 ~1.
57
Chapter 4 Growth and Characterisation of Ti407, PbOx and ITO using the Standard
HiTUS
homogeneity o f thin films deposited by the standard HiTUS process, reactively sputtered 
Ti407thin films will be deposited and characterised.
A colour change is expected as the oxygen content is increased, changing from a metallic 
titanium to yellow titanium (II) oxide (TiO) and then to blue/black for titanium (III) oxide 
which is found in Magneli phases such as Ti40? and finally the film turns transparent when 
titanium (IV) oxide (TiOi) is produced.
4.4.2 Coating Deposition
To establish a deposition process for Ti4 0 7 , titanium was reactively sputtered at a range o f 
different oxygen flow rates and the resulting material observed. Using the known difference 
in material colour, the approximate oxygen flow rate could be identified by producing a blue 
coating. Having determined the required flow rate 2 pm thick samples were deposited using 
the process parameters shown in Table 4-1
Table 4-1. The deposition parameters for TiO^.
Target Titanium (100 mm diameter, purity 99.999 %)
Ar flow rate 350 seem
RF power 1.6 kW
DC power 1.51 kW (-620 V 2.3 A)
Oxygen flow range 2 0  seem
Deposition rate 28 nm/min
The thin film stoichiometry, crystallinity and morphology were analysed using XPS, XRD 
and SEM.
4.4.3 Characterisation Results
Figure 4-5 shows the XRD results for TiOx thin films deposited onto glass substrates. The 
shape o f the XRD spectrum indicates that the deposited TiOx thin films are largely (or 
wholly) amorphous as there is a lack o f sharp diffraction peaks, instead exhibiting the type 
o f broad low angle maxima consistent with the presence o f an amorphous material (Figure 
4-13).
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Figure 4-5. The XRD spectrum for TIG*
A representative EDS spectrum is given in Figure 4-6. Deposition o f 2 pm thick films 
ensured that very little or no signal contribution from the underlying substrate was observed 
in the spectrum.
A
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Figure 4-6. An example EDS spectrum for the TiO% coating.
The EDS calculated Ti and O concentrations taken from 3 random points on the coating 
surface are given in Table 4-2. To calculate the concentration o f oxygen, it is necessary to 
deconvolute the oxygen and titanium peaks using the other titanium peaks to calculate the 
contribution from titanium peak so that all three peaks give the same concentration. It can 
be seen that the TiOx coating has a very uniform composition and the stoichiometry varied 
only minimally, between that o f ^ 4 0 ? (0 :T i ratio = 1.75:1) and Ti^Og (0 :T i ratio = 1.8:1).
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Table 4-2. EDS measured composition of the coating in 3 locations.
Spectrum 1 
Atomic %
Spectrum 2 
Atomic %
Spectrum 3 
Atomic %
Theoretical 
Atomic %
o 64.11 65.79 64.07 63.60
Ti 35.89 36.21 35^3 34.40
0:Ti 1.79:1 1.76:1 1.78:1 1.75:1
The SEM cross-section shows the TiOx film to have a dense, columnar structure, with a 
smooth surface (Figure 4-7). According to the Thornton diagram [83] the film exhibits a ZT 
structure, indicative o f a generally a good quality sputtered film.
Figure 4-7. An SEM fracture cross-section of the TiOx
The characterisation results are indicative that an amorphous, dense film with a 
stoichiometry o f Ti4 0 ? (or very similar) has been deposited with the standard HiTUS. No 
characterisation o f the properties o f this coating was undertaken, so it is not known whether 
this amorphous coating exhibits the beneficial properties o f the equivalent crystalline 
Magneli phase (e.g. high corrosion resistance).
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4.5 PbOy Thin Fiims
4.5.1 Introduction
Lead oxide, PbO, is o f particular interest due to its applications in electrochemistry and 
particularly as a result o f its potential use as an electrode material in lead acid batteries. 
Recent developments have explored the possibility o f producing a new type o f lead acid 
battery based on ceramic substrates [148]. Hence, the possibility o f depositing PbO as a thin 
film electrode material was investigated.
4.5.2 Method
2  pm thick PbOx coatings were deposited onto silicon and soda lime glass substrates using 
the optimum process parameters shown in Table 4-3. These process parameters were 
determined in prior PQL work and were determined by varying the oxygen flow rate at fixed 
RF plasma launch and DC target powers. Feedback from the optical transmission and 
specific resistivity o f the deposited film was used to tune and optimise the process.
Table 4-3. Deposition parameters for the PbO* films.
Target Lead (100 mm diameter, purity 99.9999 %)
Ar flow rate 350 seem
RF power 0.7 kW
DC power 0.5 kW (-630 V 0.8 A)
Oxygen flow rate range PbOx 10 seem, PbO] deposited at 170 seem
Deposition rate 1900 nm/min
4.5.3 Characterisation Results
The XRD spectrum o f the PbOx sample (Figure 4-8) shows the thin film material to be 
highly crystalline. The strong (110) and (002) peaks at 32°and 36° suggest that the material 
contains a significant fraction o f elemental Pb. All o f the major peaks on the XRD spectrum 
can be assigned to known Pb and PbO peaks. The narrow peaks for Pb are indicative o f large 
crystallites ( 1 - 2  pm diameter) for the elemental phase.
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Figure 4-8. XRD spectra of sputtered a PbO* thin film matched with reference data for Pb and
PbO.
A representative EDS spectrum taken from the PbOx coating is presented in Figure 4-9. 
Table 4-4 shows the EDS determined chemical composition taken from 3 random points on 
the coating surface. The average stoichiometry for the coating is PbiOs or similar. This is 
consistent with the observation o f both Pb and PbO phases in the XRD spectra.
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Figure 4-9. The EDS spectrum for the PbO^ sample
Table 4-4. EDS determined chemical composition of the PbO^ coating (taken at 3 random points
on the surface)
Spectrum I 
Atomic %
Spectrum 2 
Atomic %
Spectrum 3 
Atomic %
o 59.61 59.63 60.85
Pb 40.39 40.37 39.15
0 :Pb  ratio 1.48 1.48 1.55
SEM images o f the mixed phase Pb/PbO thin film are given in Figures 4-10 and 4-11. 
These images show the deposited film to have a globular morphology uncharacteristic o f a 
sputtered thin film. The globules are relatively consistent in size and have a diameter o f 
approximately l- 2 pm.
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Figure 4-10. SEM image of the surface of the PbO* film
2 0 .  0 k  V X 2 0 . 0 K  1 . 5 0 ^ m
Figure 4-11. SEM cross-section image of the PbO* film
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This thin film morphology exhibits a large surface area, so would be suitable for battery 
applications. The morphology o f this coating can be understood by considering both the 
XRD and EDS results. A very low oxygen flow rate was used during the deposition and this 
has led to the formation o f both Pb and PbO phases. The surface o f the coating is very 
rough, this is not uncommon in sputtered deposited metal coatings and has been observed for 
both indium and aluminium coatings deposited at PQL. The rough surface is typical of 
Stranski-Krastanov growth which is common in metal thin films. For the lead films this is 
advantageous as it increases surface area o f the coating which would increase the interaction 
area in a battery making it more efficient. However, for coatings for use in barrier layers or 
optics, this growth mode is a problem. As described in the literature review (§ 2.2.2) 
Stranski-Krastanov growth occurs as the reduction in surface free energy is not large enough 
to compensate for the build-up o f stress in the metal coatings. As a result, i f  the surface 
mobility is high enough, then adsorbed atoms will migrate across the surface and coalesce 
into large grains. As a result o f the low melting point o f  lead (600 K), this is quite likely to 
occur. The same type o f coating structure, with large grains extending the full thickness o f 
the coating have been observed in sputtered aluminium coatings despite its much higher 
melting point o f 933 K [149].
If  the substrate is kept cool, then surface mobility can be reduced and a quenched growth 
mode achieved instead. This will reduce the formation o f large grains and will often result in 
a smoother surface. The substrate temperature required to achieve quenched growth is 
related to the melting temperature o f the material. The difference in the XRD and EDS 
calculated composition is most likely caused by the rough surface. The deposited lead is not 
likely to be completely oxidised, the coating still appeared metallic and the oxygen flow rate 
required to produce a transparent lead oxide coating was many times greater than that used 
to produce these coatings.
There is another possible explanation for the observed morphology. The exceptionally high 
deposition rate (I900nm/min) suggests that in addition to sputtering, that the low melting 
point o f  lead has led to evaporation o f the target, giving rise to a large thermally generated 
vapour flux in the vacuum chamber. This is consistent with arcing being observed during the 
deposition process. The globular structure o f the film may then be arc-evaporated particles 
which have been deposited onto the surface. However, the regular size and distribution o f 
these globules would suggest the adsorbed lead is migrating across the sample surface and 
recrystallizing into large grains.
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4.6 ITO Thin Films.
4.6.1 Introduction
ITO is a very important TOO and a review of sputtered ITO thin films and their properties 
has been given in Chapter 2. It is envisaged that the large area deposition o f ITO will be one 
o f the major applications for the Linear HiTUS, hence initial work was undertaken to gain 
experience o f depositing ITO on the standard HiTUS facility. This will provide information 
on the quality o f ITO which can be produced using the HiTUS technology and can be used 
as a benchmark for upscaling the process to large area deposition on the Linear HiTUS.
4.6.2 Process Tuning
ITO was deposited using onto soda lime glass slides using a 90:10 wt.% In:Sn target. The 
optical transmission (in the 400 -  700 nm range) and specific resistivity were measured as a 
function o f oxygen flow rate (Figure 4-12), keeping the RF launch power at I kW and the 
target power at 0.5 kW. This data was used to determine the oxygen flow rate required to 
achieve optimum properties.
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Figure 4-12. Plot showing the change in average optical transmission between 400 and 700 nm 
(Black Diamonds) and the specific resistivity of the ITO samples (Grey Squares) as a function of
oxygen flow rate.
From Figure 4-12, the average transmission and specific resistivity data show that at a flow 
rate o f 47 seem, the film exhibits an average transmission o f greater than 85% in the visible 
range between (400-700 nm) and a specific resistivity of less than 4 x 10"* f l  cm. Hence, at 
an RF launch power of 1 kW and a target power o f 0.5 kW, an oxygen flow rate o f 47 seem 
produces a film optimum properties. The optimised deposition parameters are shown in
6G
Chapter 4 Growth and Characterisation of T i407, PbOx and ITO using the Standard
HiTUS
Table 4-5. A thin film with a thickness o f approximately 2 pm was deposited onto soda lime 
glass substrates.
Table 4-5. The deposition parameters for optimum quality ITO.
Target 90:10 wt.% ln:Sn target (100 mm diameter, 99.99% pure)
Ar flow rate 350 seem
RF power 1 kW
DC power 0.5 kW («-350 V &«1.46 A)
Oxygen flow rates range 24 to 80 seem. Optimum at 47 seem
Deposition rate 48 nm/min at 47 seem O2  flow rate
4.6.3 Characterisation Results
Figures 4-13 and 4-14 show XRD spectra from a soda lime glass reference and a glass 
substrate coated with an ITO film deposited using the parameters given in Table 4-5. The 
peak shift in Figure 4-13 is a result o f a small offset in height o f  the soda lime glass sample 
relative to the axis o f rotation as a result o f the difficulties o f mounting a thin film sample on 
a powder XRD system. In Figure 4-14 the peak positions has been aligned with the (222) 
peak o f ITO.
There is a clear difference in the XRD spectra from the glass substrate and the ITO coated 
substrate. Figure 4-15 shows an XRD pattern for crystalline ITO taken from the literature 
[15]. The spectrum can be used for XRD peak identification. The HiTUS deposited ITO 
coating (Figure 4-15) exhibits a small peak at a 26 value o f approximately 32° 
corresponding to the (222) reflection peak o f crystalline ITO. Thus, the HiTUS deposited 
coating is at least partially nanocrystalline and the very small grains (<5 nm) show a 
preferential orientation in the < 1 1 1 > direction.
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Figure 4-13. X-ray dlffractograms showing the crystal texture of the ITO samples, deposited
onto soda lime glass substrate.
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Figure 4-14. X-ray diffractogram of an ITO coating after the glass background has been 
removed. The data was normalised using the approximation that the shape of the glass 
background was the same for all samples. The background was normalised using the shoulder
at 26.3° (2 Theta) as the reference point.
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Figure 4-15. X-ray diffractogram of a highly conducting, crystalline ITO coating, taken from
[131].
An EDS spectrum for one o f the ITO samples is presented in Figure 4-16 and the 
stoichiometry for three different random points on the coating are given in Table 4-6, The 
absence o f silicon and sodium, present in the soda lime glass substrates, shows that the EDS 
analysis depth is confined to within the ITO thin film and hence the stoichiometries are 
expected accurate to within ± 2% [150], The results indicate a slight enrichment o f O and 
depletion o f Sn in this coating compared to the theoretical values.
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Figure 4-16. EDS spectrum for the sputtered ITO thin film .
Table 4-6. EDS determined chemical composition for 3 random points on the ITO coating.
Element Spectrum 1 
Atomic %
Spectrum 2 
Atomic %
Spectrum 3 
Atomic %
Theoretical 
Atomic %
Oxygen 61.69 61.87 62.35 ^ 60
Tin 3.18 3.53 3.22 4
Indium 35.13 34.59 34.43 36
Oimetal ratio 1.62 1.61 1 . 6 6 1.53
The thickness of the coatings deposited for technological purposes is expected to be o f the 
order o f 200 nm (rather than the 2 pm thick coatings examined by XRD and EDS above). 
Hence, EDS would not be a suitable analytical technique for determining the composition o f 
the thin films deposited using the Linear HiTUS. Hence, it was decided that to explore the 
use of a more surface sensitive technique (X-ray photoelectron spectroscopy) to determine 
chemical composition. Figure 4-17 shows an XPS survey spectrum for the ITO film. 
Adsorbed hydrocarbons and water/hydroxide species were found at the surface, which can 
cause problems in accurate quantification o f the thin film composition. Hence in an attempt
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to determine accurate stoichiometric values from the XPS spectra, data was recorded both 
prior to and after a brief 3 keV Ar^ etch to reduce the level o f contaminants at the surface.
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Figure 4-17. An XPS survey spectrum for the as-deposited ITO thin film
The chemical composition was determined from the XPS spectra by measuring the Sn 3 ds/2 , 
In 3 ds/2 , and O Is peak areas after a Shirley background subtraction and quantified using 
instrument modified Wagner sensitivity factors. The XPS determined chemical composition 
o f ITO thin films deposited at different O2 flow rates before and after ion etching is shown in 
Table 4-7.
Table 4-7. XPS determined chemical composition for ITO coatings deposited at different oxygen 
flow rates (before and after 3 keV Ar^ beam etching).
Oxygen flow rate (seem) Chemical composition (At.%)
Tin Indium Oxygen OxygemMetal ratio
27 seem (pre-etch) 3.3 32.2 64.5 1.82
43 seem (pre-etch) 3.3 31.8 64.9 1.85
60 seem (pre-etch) 3.5 31.4 65.1 1.87
27 seem (post-etch) 3.6 41.9 54.5 1 . 2 0
60 seem (post-etch) 3.3 40.2 56.5 1.30
Theoretical 4 36 60 1.53
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For the as-deposited coatings, the O concentration increases with O flow rate (both before 
and after etching), as would be expected. However, the oxygen:metal ratios for all o f the 
coatings before and after etching are quite different from the theoretical value. The high 
resolution XPS O Is peaks recorded before and after Ar"^  etching for ITO samples deposited 
with oxygen flow rates o f 27 and 60 seem are presented in Figure 4-18. The O Is peak for 
the as-deposited coatings shows that the surface o f these ITO samples is contaminated with a 
surface hydroxide/adsorbed water layer (peak at 532.2 eV) in addition to the bulk oxide at 
530.2 eV. It can be seen that after Ar^ etching, the hydroxide/adsorbed water peak is 
substantially reduced in intensity.
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Figure 4-18. Peak fttted XPS O Is data for ITO coatings deposited with an O2 flow rates of 60 
seem ((a) and (b)) and 27 seem ((c) and (d)). Spectra (a) and (c) are as-deposited and (b) and (d) 
after 3 keV Ar^ etching to remove surface contamination.
With this information in mind, the oxygenimetal ratios given in Table 4-7 can now be 
considered. The as-deposited thin films show oxygenimetal ratios o f 1.82 - 1.87 which is 
higher than the theoretical value o f 1.53 and also higher than the EDS experimentally 
determined values (1.61 -  1.66). This can be attributed to the presence o f the contaminant 
hydroxide/adsorbed water layer increasing the XPS O signal at the surface compared to the 
bulk. After Ar+etching, the oxygenimetal ratio drops to a value o f 1.20 -  1.30, significantly 
lower than the theoretical value. For many metal oxide materials, it is known that sputtering 
leads to preferential etching o f the lower atomic number O atoms and compositional changes 
have been reported for indium oxide [151], which would explain the lower oxygenimetal 
ratio after sputtering compared to the theoretical value o f 1.53. Hence, the use o f XPS to 
accurately determine the ITO film composition is potentially problematic, unless the degree 
o f surface contamination post deposition can be reduced.
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Figure 4-19 shows a SEM micrograph o f the ITO coating surface. The image shows that the 
thin film surface is homogeneous and relatively smooth. There are no visible cracks or other 
evidence of film delamination, indicating that the coating is well adhered and exhibits low 
stress. An SEM cross section o f the ITO coating is given in Figure 4-20. The image shows 
that the ITO is growing with a compact ZT structure as predicted in Figure 2-19.
Jk  * Û.* »
20pm
Figure 4-19. SEM micrograph of the ITO surface.
2  0 .  0  k V X 2 0 - 0 K
Figure 4-20. SEM cross-section of an ITO coating.
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4.6.4 Discussion
Using the Standard HiTUS, Ti40? and ITO thin films have been deposited which are dense, 
and relatively smooth with no obvious voids. The semi-columnar structure is typical o f a 
sputtered process and appears to be the ZT structure, according to the Thornton diagram. 
These growth modes and smooth surfaces are similar to those observed in I-PVD processes 
and indicate an energetic process and demonstrate that material is arriving at the substrate 
with a significant amount o f  energy [41]. The globular morphology o f the PbOx coatings is 
clearly atypical o f most reactively sputtered metal oxide thin films and can be attributed to 
the low melting point o f  Pb and the low O2 flow rate which produces a coating with a more 
metallic structure.
The Linear HiTUS is being developed with the intention that thin films can be deposited 
onto large area glass or polymeric substrates. The ITO and Ti40? coatings deposited with the 
standard HiTUS exhibit either amorphous or amorphous/nanocrystalline structures. Such 
nanostructures suggest that the surface diffusion is very limited for these materials when 
deposited using HiTUS. This, in turn indicates that the growth temperature is low and hence 
the process is compatible with the deposition o f these thin films onto polymeric substrates, 
which is very encouraging. This is in agreement with previous work undertaken at Plasma 
Quest which has shown that ITO deposited using HiTUS at room temperature exhibits 
combined optical transmission and electrical properties which are comparable to the best 
results obtained for magnetron sputtered ITO coatings [116].
The TiOx thin films deposited with the standard HiTUS exhibited a narrow range o f 
stoichiometries, between Ti4 0 ?and TigOg. This demonstrates the precise control o f oxygen 
concentration that can be achieved using a basic system with no process controls beyond the 
use o f a standard mass flow controller operating at fixed flow rate with no process feedback. 
The ITO results also demonstrate that the deposition process is stable at oxygen flow rates 
50% greater than those used to produce the best quality materials, without the poisoning the 
target. This shows that in the standard HiTUS system, the oxygen is used up at the substrate 
and a large excess o f oxygen is required to affect the target for this process. This is attributed 
to the full target erosion, as well a pump speed high pump speed (20,000 L/s for water 
vapour) which have been shown to increase the stability in magnetron systems and the large 
substrate target separation [152].
The initial thin film characterisation work has been useful to gain experience o f the 
techniques and shown that certain problems are to be expected when characterising thin 
films. SEM cross-section and surface images will provide useful information on the thin film 
uniformity, defects, adhesion and growth mode (which indirectly gives information on 
surface diffusion). XRD will be very useful in providing information o f nanostructure and 
grain size, but for coatings, the spectrum from the thin film will generally be superimposed 
on the spectrum from the substrate. Hence, when possible, the thin films should be deposited 
onto single crystal Si wafers which generally avoids this problem and enables a good quality 
spectrum from the thin film alone to be recorded.
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With regard to determination o f thin film composition, EDS has shown that it is a technique 
able to provide reliable metal oxide compositions, but requires a thick film (> 2  pm) to be 
deposited, which is wasteful o f both time and resources. XPS, having a much smaller 
analysis volume, is in principle, a more suitable technique; however, as seen for the ITO thin 
film analysis, this analysis is not trivial, as metal oxide surfaces pose a specific problem due 
to the presence o f hydroxide/adsorbed water as a contaminant overlayer and the potential for 
the preferential sputtering o f oxygen when attempting to remove this contamination layer. 
Hence, there is no straightforward methodology to the determination o f thin film 
composition and the best technique will be assessed on an individual basis depending on the 
material deposited and technological requirements o f the thin film. It was also observed that 
for ITO, the optical transmission and electrical conductivity appear to be more sensitive to 
changes than the chemical analysis techniques. In light o f this, these parameters maybe the 
most useful for assessing the effects o f  the plasma on this particular thin film material.
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5.1 Introduction
The standard HiTUS system has been shown to have many advantages over the incumbent 
magnetron sputtering technology. However, in its current form, the system is not compatible 
with in-line deposition as used for the deposition o f commercial thin films.
The Linear HiTUS system was developed to enable the HiTUS technology to be used for in­
line deposition o f thin films. In this section the system will be discussed, this will include an 
introduction to the technology and the initial conversion o f the Z600 magnetron sputtering 
system to a Linear HiTUS configuration
5.2 The Linear HITUS System
Systems based on the standard HiTUS configuration (Figure 5-1) are rarely used outside 
research and development. This is because the maximum substrate size is proportional to the 
size o f the target and therefore the plasma launch system (PLS). On the standard HiTUS, the 
PLS consists o f a 10 cm diameter quartz tube, with a 15 cm 3 turn helical antenna located 
-1 5  cm away from the PLS magnet. This produces a plasma beam -  10 cm wide at the 
target. Although moving the antenna towards the magnet can be used to increase the beam 
size and therefore the target size, this is still limited to a maximum target diameter o f twice 
that o f  the quartz tube.
Therefore, to increase the maximum substrate diameter from 20 cm to 30 cm, the entire 
system would need to be increased proportionally. It is quite clear that as a result the 
standard HiTUS would struggle to compete with easily scalable magnetron based systems, 
which are already used to deposit transparent conducting oxides on onto glass for Gen 10 
LCD panels which are 2850 mm x 3050 mm and for the coating o f architectural glass sheets 
up to 3000 mm x 6000 mm, for in-line coatings in its present configuration [153,154].
The throughput o f the standard HiTUS system is also limited. To make best use o f the 
plasma beam, the system uses a circular target and a rotating substrate holder to maximise 
the coating uniformity. This is not easily compatible with the use o f a load lock and 
therefore limits the sample throughput o f the standard HiTUS system to approximately 
one 20 cm wafer per hour.
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Figure 5-1. A schematic of the standard R&D HiTUS system. It can be seen that the cross- 
section of the plasma beam is approximately the same size as the target and the uniform coating
area of the substrate.
The Linear HiTUS technology overcomes these scaling issues by modifying the system 
geometry. Using a concentric PLS and cylindrical target (Figures 5-2) to produce a plasma 
beam that surrounds the target, the HiTUS system can be made to resemble a cylindrical 
magnetron sputtering system. The use o f the HiTUS remote plasma source is expected to 
uniformly erode the cylindrical target. As the target is o f constant width, the deposition rate 
is expected to be uniform along the target length. This will enable the production o f coatings 
with low thickness variation using only substrate translation (not rotation).
Other advantages o f the Linear HiTUS configuration for industrial applications include:
• Possible retrofitting to existing in-line systems.
• Substrates size only limited by the target length and plasma propagation distance.
• Reduced substrate target separation compared to the standard HiTUS system. (In the 
prototype system, the substrate will be 30 cm below the target).
The in-line Linear HiTUS system uses a PLS with a 15 cm (as opposed to 10 cm) diameter 
quartz tube with initially with a 20 cm diameter 3 turn antenna (although this was eventually 
reduced to a single turn antenna) located ~ 5 cm away from the PLS m ag n e t. This should 
generate a plasma beam wide enough to pass around the 7.5 cm diameter x 50 cm long 
target unimpeded. A ceramic “end cap” is fitted to the end o f the target to prevent 
unintentional sputtering o f target components. The plasma is confined to the area around the 
target by the magnetic field generated between the two electromagnets located at the end o f 
the PLS and base o f the target. These are designed to produce 400 G for a magnet current o f 
160 A.
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Figure 5-2. A Schematic diagram of the Linear HiTUS technology. The use of the 50 cm 
cylindrical target enables the system to deposit over large areas. The length of the target and 
therefore the maximum width of the substrate is no longer determined by the cross-section of 
the plasma beam. The target length is only limited by the propagation length of the plasma
beam.
The Linear HiTUS technology has been developed as a prototype in a single chamber system 
(Figure 5-3). The prototype uses the same 50 cm long by 7.5 cm diameter cylindrical target 
(although longer and shorter targets can be used depending on the chamber size), mounted 
between two electromagnets. However, the magnets and the PLS are both new designs 
aimed at reducing the size o f the units (the magnets have been reduced from 40 cm to 20 cm 
internal diameter while the PLS has been reduced from 50 cm to 30 cm in diameter).
Figure 5-3. Photograph of the single chamber Linear HiTUS coating system.
In a single chamber system, the Linear HiTUS technology has been used to produce alumina 
coatings onto a 20 cm diameter silicon wafer with thickness variation of less than ±1% 
across the substrate. However, the single chamber system uses substrate rotation and 
therefore is not representative of a commercial system. Hence, an In-line Linear HiTUS 
system was designed to test the technology in a commercial configuration.
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5.3 Developing the in-line Linear HiTUS Prototype
5.3.1 Introduction
To produce an in-line deposition system, a new chamber containing the Linear HiTUS was 
retrofitted to an existing Leybold Z600 magnetron sputtering system (Figure 5-4) which, as 
it had previously been used for production, had all the necessary facilities to support a 
prototype production system. The specific details o f the build are not discussed in detail in 
the thesis, for further detail see the EngD portfolio (12 month report).
5.3.2 Planning
The project required the Z600 magnetron sputtering system to be prepared to accept a new 
chamber, PLS and target assembly. A photograph o f the Z600 magnetron system prior to the 
being retrofitted with the Linear HiTUS technology is shown in Figure 5-4.
Figure 5-4. Photograph of the Z600 magnetron system prior to being retrofitted with the Linear
HiTUS technology.
The retrofit and build o f the prototype system comprised o f the following stages.
Z600 chamber removal.
New vacuum gauge set installation.
New chamber; fit and furnish.
Installation and commissioning o f services (process gas, water and electricity) for 
new components.
Installation and commissioning o f the PQL plasma launch system.
Installation and commissioning o f the PQL target assembly.
Full system testing.
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5.3.3 Commissioning 
Finished System Specification
Table 5-1. Specifications of the Z600 system after commissioning.
Vacuum system 2 X Oerlikon Leybold TriVAc 40 L/sec rotary vane 
pumps
1 X 1000 L/sec Leybold Turbo Pump
1 X load lock
2 X Original rubber backing lines
Gauges 1 X Pirani,
1 X Penning
1 X Barocel on the main vacuum chamber 
1 X 937a Digital Combination Vacuum Gauge 
Controller
Power supplies 1 X MKS Optima® OPT-400, 40kW DC Plasma 
Generator
1 X SurePower® Series 13.56 M H z , 5kW RP 
Plasma Generators
1 X MWH-IOO Matching network
2 X Magna Power power supplies (magnets)
Gas control 2 X 100 seem N 2 1179A Mass-Flo®
Analog/Digital, Elastomer-sealed Mass Flow 
Controller
Ix 247D Four Channel Power Supply/Readout
Problems Encountered
The majority o f the problems encountered were a consequence o f retrofitting an existing 
system. The Z600 system was operated by a programmable logic controller (PLC) and was 
heavily interlocked to safeguard the system. However when the system was retrofitted with 
the Linear HiTUS technology, the existing power supplies and water channels became 
redundant. To allow operation o f the system, the interlocks for these components needed to 
be bypassed so the PLC would still operate the vacuum system and substrate translation. 
This was not trivial, as the PLC expected a different signal from the sensor at different times 
in the process therefore the sensors could not simply be shorted out. To solve this problem 
the sensor or interlock circuit often had to be linked back to the relevant service 
request/operation relay to ensure that expected signal was relayed to the PLC.
The completed system is shown in Figure 5-5. The system was fitted with the new chamber, 
PLS and target assembly. The initial system tests (involving the sputtering o f alumina rather 
than ITO, see EngD Portfolio, 18 month report. Section 2.1) took place with the system in 
this configuration.
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Figure 5-5. Photograph of the finished prototype in-line Linear HiTUS system
The schematic diagram given in Figure 5-6 shows the individual chambers used in the 
system. The substrates are loaded and unloaded in the loading area. From here the substrates 
pass into a load lock which separates the main chamber from the atmosphere therefore 
enabling a vacuum of less than 1 x Pa to be maintained in the main chamber. As a result 
o f the load lock, the system can perform approximately one run per hour. If a second load 
lock were fitted for unloading (making the system fully in-line) this could be increased 
further.
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Figure 5-6. A schematic top down view of the in-line Linear HiTUS system. The substrate 
holder is loaded/unloaded in the loading area. The load lock on this system enables a base 
pressure of less than 1 x lO ‘*Pa to be maintained in the deposition chamber.
5.3.4 Plasma Testing
Initially, the system was fitted with the revised PQL ‘compact’ PLS. The 1 task for the new 
system was to confirm the operation o f the PLS and to demonstrate a reactive sputtering 
process for the deposition of an alumina coating. The testing o f this PLS was also the first 
time the Linear HiTUS technology had been operated on the Z600 system.
The inductive load for the matchbox was firstly tuned to match that o f the plasma so that the 
RF power could efficiently transferred to the plasma. To do this, the signal was measured 
from the serial port on the MKS M W -100 matching network. This gave a simple 0-10 V 
output indicating the capacitor position. When the matching network tried to impedance 
match the RF generator to the plasma, one of the capacitors was maxed out. From the 
manual, it was determined that a lower inductance was required, this was achieved by 
reducing the inductive load o f the matchbox by shorting out the inductor.
The PLS was then tested at RF plasma launch powers o f up to 4 kW with the launch and 
steering magnets, set at 180 A and 200 A, respectively. It was found that the ion current 
generated by the compact PLS was significantly less than had been measured on the single 
chamber prototype o f the Linear HiTUS technology. This was attributed to the use o f the 
smaller magnets on this version of the PLS. (Figures 5-7 and 5-8).
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Figure 5-7. A schematic diagram showing the expected magnetic field lines for the small magnet 
system and the effect on the divergence of the plasma around the target.
Figure 5-8. A schematic diagram showing the expected magnetic field lines for the large magnet 
system and the effect on the divergence of the plasma.
The smaller magnets focus the magnetic field to a much smaller diameter. However, as a 
result o f the small focal point, the field is very divergent. As the plasma beam follows the 
magnetic field lines (which intercept the quartz tube where the antenna is located) the large 
divergence o f the beam reduces the range where the antenna can be placed. If the antenna is 
placed too far from the launch magnet, the magnetic field intercepts the target end cap, 
reducing the ion current. If the antenna is positioned too close to the launch magnet then the 
plasma generation region would intercept the chamber walls on exit, also reducing the ion 
current. To increase the tolerance o f the antenna positioning a spacer was commissioned to 
move the target 100 mm further away from the PLS and new design rules were developed 
regarding magnet sizing.
Another major issue was interference on vacuum gauges caused by “pickup” o f the RF 
radiation, and at RF plasma powers above 3.5 kW, the vacuum gauges sent fault signals back
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to the computer. These fault signals resulted in multiple lost runs as the system falsely 
registered a loss o f vacuum and closed the turbo isolation valve mid process, resulting in a 
loss o f pumping and a dramatic process pressure rise.
This prevented testing at RF plasma powers above 3.5 kW until a solution could be found. 
After many unsuccessful attempts to eliminate the RF interference at source, it was decided 
to directly override the fault signals. Once again, to solve this problem, the expected signal 
needed to be identified and then a method o f sending a ‘correct’ signal to the computer 
devised. After investigating the possibility o f directly overriding the computer control action 
(and confirming that this would be prohibitively expensive), a simple manual switch box 
was built instead. The switch swapped the signal from the vacuum gauges, with that o f an 
open circuit. This sent a 0 V signal back to the PLC which was interpreted this as the 
minimum pressure o f the gauge. This effectively made the vacuum operations manually 
controlled and stopped the RF feedback from being an issue. With a temporary solution 
identified for the feedback problem and an optimum position for the antenna located, the RF 
generator could be run at maximum power (5 kW) with no pickup problems and reflected 
powers o f less than 5 W.
The system could now be tested. Aluminium deposition runs were used to measure the target 
ion current and the deposition rate. Through these investigations, it was found that the 
plasma was only propagating 35 cm, resulting in a significant drop in the sputtering rate 
from the bottom of the target and therefore a reduction in the area over which uniform 
deposition was possible. The loss in plasma density was attributed to a reduction in the 
number o f electrons in this area. This was initial attributed to the divergence o f magnetic 
field as a result o f the smaller magnets, but was later identified as been a result o f  the 
positioning the steering magnet too close to the target and once this was identified, the 
uniformity was improved (Chapter 6.)
5.3.5 Deposition Trials
To test the reactive deposition process, an alumina deposition process was tuned in. Alumina 
is an important dielectric material, and was commercially significant to PQL. Therefore 
alumina was a good test for the reactive deposition process.
The PLS was tested for RF powers up to 4 kW, with the launch and steering magnets set at 
180 and 200 A respectively. For a DC bias o f -700 V the target drew a current o f 33.8 A. At 
these settings, the Z600 produced excellent quality alumina with a deposition rate o f 
135 n m /m in  (a high deposition rate for a dielectric coating considering the target power 
density (3.4 W/cm^) and large substrate target (300 mm) separation. For comparison, Kosti 
et al. deposited alumina at 215 nm/min at a target power density o f 7 W/cm^ and 5 cm 
substrate target separation using a pulsed magnetron sputtering system [155]. Typically, the 
deposition rate has a 1/dP dependency on target substrate separation, and a linear relationship 
with target power density [156,157].
The alumina material properties were similar to those achieved with the conventional (planar 
target) HiTUS configuration. From Figure 5-9 it can be seen that the deposited alumina 
exhibits excellent transmission (96.6% integrated transmission between 400-800 nm), 
indicating that a fully oxidised film had been produced by the reactive process. The sample
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uniformity^ was also found to be good for a static process (thickness variation o f ± 14% 
across 20 cm wide samples, with less than ±1% variation between samples (Figure 5-9).
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Figure 5-9. A plot of the integrated transmission for two alumina samples deposited using the 
Z600 in-line Linear HiTUS sputtering facility.
Following the achievement o f such good reproducible values, the retrofit o f the Linear 
HiTUS technology was deemed successfully completed,
5.3.6 Summary
A working prototype o f the in-line Linear HiTUS system has been developed. New rules for 
the magnet design and PLS to target spacing have been developed as part o f the process. The 
conversion was not as simple as was anticipated; this was a result o f the existing system 
controls causing unexpected problems. The majority o f these have been solved. The system 
has demonstrated a stable alumina deposition process with a high deposition rate o f 
135 nm/min, run-to-run thickness repeatability o f ± 1 % and thickness uniformity o f ± 14% 
across a 20 cm wide substrate,
5.4 Developing the Large Area HiTUS Technoiogy
5.4.1 Introduction
Although the Linear HiTUS system has been shown to produce high quality uniform 
coatings using a cylindrical metallic target, a new target assembly was required for materials 
like semiconductor silicon, where very high purity is required. For very high quality 
materials planar tile targets are used and therefore a new target design was required to 
accommodate these.
 ^The uniformity o f the deposition is calculated as the difference between mean sample 
thickness and the sample thickness at thickest and thinnest points,
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Two concepts were designed, an experimental multi-target assembly which could be used 
for the deposition o f multilayered devices such as for solar cells or dielectric mirrors; and a 
basic planar target design. Both target assemblies are designed to improve the transfer factor 
from target to substrate, and to be compatible with RP biasing.
In addition to the development o f a new target assembly, two new concepts for PLS designs 
were developed during the project and the Z600 system was further upgraded to be 
compatible with RF biased targets and for use with toxic gases such as diborane, phosphine 
and hydrogen.
5.4.2 System Upgrades
Although not directly related to the deposition o f the thin film materials to be described in 
Chapter 8, further work progressed the design o f the in-line system for the deposition o f 
semiconductor materials. Hence the target design and associated system upgrades have been 
included in this chapter. The system was upgraded to be compatible with the toxic gases 
which were needed for the initial silicon trials. These upgrades are listed below:
• Stainless steel backing and roughing vacuum lines.
• A toxic compatible backing pump (i.e. a dry pump).
• A serviced turbo pump.
• A new RF generator and matching network for target bias and the accompanying RF 
shielding
• Fitting o f a new target designed for RF sputtered silicon (PQL designed and built).
Table 5-2. A tab e showing the specification of the in-line Linear HiTUS system
Vacuum system 1 X Oerlikon Leybold TriVAc 40 L/sec rotary vane pumps with 
roots blower 
1 X Edwards iQDPSO Dry pump 
1 X 1000 L/sec Leybold Turbo Pump
1 X Load lock
2 X Full stainless steel backing lines
Gauges 1 X Pirani,
1 X Penning,
I X Barocel on the main vacuum chamber 
1 X 937a Digital Combination Vacuum Gauge Controller
Power supplies PLS 1 xComdel CB5000 (ETE) 13.56 M H z, 5kW RF Plasma Generators 
1 X ETE recondition ComdelMatchpro CPM-3000 air cooled 
matching network 
1 X Power Ten Inc power supplies (magnets)
Power supplies 
Target
1 X SurePower® Series 13.56 M H z, 10 kW RF Plasma Generators 
I X MWH-IOO Matching network 
1 X Power Teninc power supplies (magnets)
1 X 40 by 400 mm silicon planar target
Gas control 2 X 100 seem N 2 1179A Mass-Flo® Analog/Digital, Elastomer- 
sealed Mass Flow Controller 
1 X 247D Four Channel Power Supply/Readout
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5.4.3 Target Designs 
Multi Target Assembly
The multi-target assembly consists o f three planar targets set around a cylindrical target 
holder. The target was designed for use in the manufacture o f multilayer devices, and would 
also enable the system to be used for a range o f materials without breaking vacuum. This 
would greatly reduce system down time, while improving the flexibility for internal research 
and development.
The full target assembly can be seen in Figure 5-10. The outside of the target holder is made 
o f MACOR, a machinable ceramic, which is electrically insulating. The edge strips are made 
from two 17.5 cm long pieces of MACOR (as machining from a single piece 35 cm long 
would have prohibitively expensive) held together with a spring pin. Unfortunately, as the 
edge strips were made o f two pieces, they were not rigid. This resulted in the edge strips 
flexing away from the target under gravity exposing the copper target back plates. To keep 
the edge strips in place and stop the copper from being exposed, a metal ‘C’ clamp was 
fitted.
Ceramic end cap
‘C ’ clamp
Glass dummy target
Figure 5-10. Photograph of the planar target assembly mounted in the chamber.
The multi-target holder was designed for the deposition of multilayers and ceramic targets. 
Sputtering from insulating material is a challenge for an untested target design due to the use 
o f RF bias.
For the first tests, the target was only fitted with one bonded silicon target, while the two 
empty slots were filled with glass dummy targets. The glass ‘dummy’ targets were not 
bonded; therefore the bias on the targets should be small. When the target was tested at 
1.5 kW RF plasma launch power and 1.5 kW RF bias, a target bias o f -600 V was measured 
indicating that the target was biased and should be sputtering. However when substrates 
were passed under the target, no films were deposited.
When the target was inspected, the MACOR and glass had been damaged by arcing. All the 
evidence suggests that the entire target assembly was biased and not just the silicon target as
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anticipated. To get around this problem, work begun on controlling the delivery of the ions 
from the plasma. Two possible methods identified were the use o f an earth shield to cover 
the target not currently in use; or an alternate plasma source which only delivered ions to the 
active target. The unusual shape of the target and the target rotation made the design o f an 
earth shield very complicated and therefore not viable in the time frame.
Planar Target Design
The planar target assembly (Figure 5-11) is a more conventional design. The target uses a 
stainless steel earth shield to suppress the plasma in regions other than at the front o f target. 
As the name suggests, the earth shield is earthed so it never acquires a bias. The target uses 
the same water cooled copper back plates as were used in the multi-target assembly.
Figure 5-11. A diagram showing the new planar target assembly (left) and a photograph of the 
finished target assembly before installation (right).
The target was tested with both DC and RF bias and was found to be fully functional. 
However, due to the shape/dimension o f the planar target, the plasma beam no longer needed 
to surround the full target assembly to stop target poisoning and therefore new methods of 
generating planar plasmas were tested using this design.
5.4.4 Plasma Launch System Developments
Unlike a cylindrical target, the newly developed planar plasma does not need to be fully 
surrounded by the plasma to stop target poisoning. This presented the opportunity to develop 
a PLS which generates a planar plasma beam that only powers the front o f the target. This 
would reduce the volume of the plasma and in turn increase the plasma density resulting in a 
more efficient process.
Spatially Focused Plasma Source
To understand how to generate a spatially focused slab plasma, a brief introduction to some 
of the processes taking place during plasma generation is necessary. The plasma is generated 
by ionisation of argon gas by energetic electrons excited by the electric field from the 
antenna. By applying a magnetic field to the electrons, they can be confined to a region at 
the edge o f the quartz tube and focused down to a small region where the magnetic field is 
strongest at the centre o f the magnet field. This results in the generation o f a very intense
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plasma. As the electrons are confined to a small helix by the magnetic field, they only act in 
a very small fraction o f the quartz tube. By shaping the RF antenna, it is possible to only 
excite electrons in a small region, and not the entire perimeter o f the tube. This is the method 
used to generate a spatially focused plasma beam. Theoretically, by reducing the plasma 
volume the plasma density should be increased, as all the power is being used to excite a 
smaller volume. This would also have the advantages o f increasing the efficiency o f the 
process as less energy is lost through collisions with the target end cap and/or the sides of 
the chamber. These are the principles behind the design of the spatially focused plasma 
source (SFPS) (Figure 5-12).
Target Magnets
Plasma Plasma launch system (PLS)
Chamber side view PLS end view 
(zoomed in)
Figure 5-12. A schematic diagram of the planar Linear HiTUS technology with the new antenna 
design showing the highly excited plasma below the target.
Using a shaped antenna, a spatially focused plasma beam was generated. Visible observation 
o f the plasma showed that the beam was focused at the base o f the target. However, the 
plasma did not show the expected increase in ion density. The target current density for the 
SFPS (Figure 5-13) was very similar to that o f the normal PLS antenna (Figure 5-14).
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Figure 5-13. A plot of the target ion current for the planar aluminium target power using the 
SFPS. The ion current was measured for an argon flow of 120 seem and magnet currents of 160 
A for both the launch and steering magnets and -700 V DC bias.
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Figure 5-14. A plot of the target ion current for the planar aluminium target powered using the 
normal antenna. The ion current was measured for an argon flow of 120 seem and magnet 
currents of 160 A for both the launch and steering magnets and -700 V DC bias.
The reasons for the lower than expected ion current are not fully understood. However, it is 
possible that through further developing the antenna design a spatially focused plasma could 
be generated using this method. At present the design does not show any benefit over the 
standard PLS and with the development o f the EPPS (Chapter 9), the SFPS does not have an 
immediate future.
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5.5 Conclusion
A  working in-line Linear HiTUS prototype has been retrofitted to an existing Leybold Z600 
magnetron sputtering system. The system is fully functioning and the new compact PLS has 
been shown to work. The system has been demonstrated to have run to run thickness 
repeatability o f ±1% and a deposition rate o f 135 nm/ min for alumina when using DC bias.
RF sputtering o f has been demonstrated using a 400 x 40 mm planar silicon target. However, 
sputtering from the multi-target assembly has not been achieved.
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Magnetic Field on the Deposition Process
6.1 Introduction
In this section, the effect o f the magnetic field on the uniformity o f deposition will be 
discussed. The section consists o f the results o f two separate investigations (1) the film 
thickness uniformity for films deposited using an RF biased planar silicon target and (2) the 
uniformity o f thickness and properties for indium tin oxide deposited using a cylindrical 
indium tin target.
Although, these investigations were separated by 18 months in real time, they show the 
effect o f the magnetic field on the plasma density along the target length and how this affects 
the film thickness uniformity and properties.
The first investigation documents the initial set-up o f the system to produce the most 
uniform deposition process by optimising the magnetic field shape through changing the 
strength o f the launch and steering magnets to achieve the least variation in film thickness 
across the substrate holder. After optimising the magnetic field, apertures were fitted to the 
system to maximise the film thickness uniformity.
The second part o f the investigation built upon these finding to investigate the effect o f 
magnet position on the plasma propagation and how this may affect the deposition process. 
Using Vizimag magnetic modelling software, the propagation o f the plasma was investigated 
with respect to the positioning o f the antenna and magnets relative to the target.
The findings from this part o f the research have resulted in significant changes to the Plasma 
Quest ILH550 system installed at the UK Printable Electronics Technology Centre (PETEC) 
which was suffering from a similar problem at that time.
6.2 Experimental Technique
The silicon and ITO coatings were deposited onto soda lime glass slides using the Linear 
HiTUS technology. The two materials were deposited from different target assemblies. A 
400 X 120 mm planar target was used to deposit the silicon coating while a 500 mm x 70 mm 
diameter cylindrical In:Sn (90.10 wt.%) target was used for the deposition o f ITO. Both 
materials were sputtered in an argon atmosphere (process pressure o f 0.46 Pa). The chamber 
was fitted with a square aperture (400 x 400 mm) so that the thickness variation was 
representative o f the sputtered atom flux from the target (Figure 6-1).
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Figure 6-1. A schematic diagram showing the chamber configuration with the silicon and ITO
targets fitted.
The substrates were cleaned using an EcoClear® cleaning solution and a mask applied to 
provide a sharp step for film thickness measurements before being mounted on a translating 
substrate holder. The substrate holder was used to move the samples from a loading position
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through a load lock and into the main chamber which was evacuated to a base pressure of 
<1 X 10'^ Pa to reduce contamination. The main chamber consists of two covered sections 
and an exposed region below the target where deposition takes place. The substrate holder 
track is positioned approximately 300 mm below the target.
For the deposition o f silicon thin films, prior to the deposition process commencing, the 
target power was slowly ramped up to the process settings to prevent rapid heating o f the 
target, which could lead to cracking. If the silicon target were to crack, this would increase 
the probability o f contamination from the silver epoxy bonding.
To find the optimal magnet settings, the effect o f the steering and launch magnet currents 
were investigated separately. Both magnet currents were varied between values o f 60 A and 
220 A. The launch and steering magnets are identical and are designed to produce a 
magnetic field o f 400 G at the centre o f magnet when a current of 160 A passes through the 
coil. The magnets are arranged such that the north and south poles o f each magnet line up so 
that a continuous field is produced through which the plasma can propagate.
A Taylor Hobson Talystep profilometer was employed to determine the thickness o f the 
coating on microscope slides positioned next to each other in progressive manner from the 
front o f the chamber (nearest the PLS) to the target (Figure 6-2).Each edge was measured 
three times and the average thickness recorded. Measurements were made at every 40 mm to 
give 11 points in total. From previous experiments, an error o f ± 5 % would be expected for 
the sharp clean edge which is produced using a mask. This arrangement o f samples was used 
for both investigations and allowed the film thickness uniformity to be monitored.
Glass slide substrates
PLS side (front/top)
Figure 6-2. A picture showing how the substrates were positioned for film thickness uniformity 
trials on the Z600 in-line linear HiTUS system.
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The work on ITO thin films focused on the effects o f magnet positioning on sample 
properties. ITO was deposited using an RF plasma power o f 2 kW and an oxygen flow rate 
of 25 seem. These process parameters had been found to produce transparent ITO with a 
specific resistivity o f ~ 4 x lO'^'O cm [158].
6.3 Results and Discussion
6.3.1 Film Thickness Uniformity
The effect o f the distance from the PLS on film thickness uniformity for the ITO coating 
deposited using launch and steering magnet currents o f 80 A and 220 A, respectively is 
shown in Figure 6-3. It can be seen that the thickest portion o f the film is deposited in the 
region between 100 mm and 300 mm from the PLS.
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Figure 6-3. Plot showing the coating thickness for an ITO coating deposited at 2 kW RF power, 
100 seem Ar flow rate and launch/steering magnet currents of 80/220 A.
Figure 6-4 shows the thickness variation data for a number of the coatings deposited using 
different launch/steering magnet currents. All the coatings show a similar trend in thickness 
distribution, with the thickest region o f the coating lying between 125 and 250 mm from the 
PLS. The thickness o f the coatings decreases significantly for all the magnet current settings 
employed, except at launch/steering magnet currents o f 80/260 A, where the thickness 
increased close to the PLS. This is because the target does not extend the full chamber width, 
but ends 100 mm from the PLS to prevent it from intercepting the plasma beam. This results 
in a lower deposition rate for coatings deposited on substrates located 0-200 mm from the 
PLS. The decrease in film thickness from 300-400 mm can only be explained by a decrease 
in plasma density in this region.
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Figure 6-4. Plot of showing the ITO coating thickness as a function of distance from the plasma 
source for coatings deposited using various launch/steering magnet currents.
With regards to the trials using the silicon planar target, Table 6-1 presents results on the 
film thickness variation using a launch magnet current o f 80 A and a steering magnet current 
between 140 and 260 A. The data shows that the magnetic field has a measurable effect on 
the thickness uniformity o f deposited thin films. For the central 200 mm a change in steering 
magnet from 120-220 A resulted in a change in thickness variation from ± 7 % to  ±  11 %. 
The variation for the full substrate width, changed from ± 13 % to  ± 16 % for the same 
change in magnet settings. This suggests that the thickness uniformity can be improved by 
tuning the magnet settings. If all the magnet settings are considered, it can be seen that there 
is a clear trend in how the magnet settings affect the uniformity in the 4 regions. A 
comparison of the thickness uniformity from 0-290 mm shows that the variation in film 
thickness increases with an increase in steering magnet current. Similarly, from 75-365 mm, 
the variation in film thickness decreases with steering magnet current up to 240 A. This 
indicates that increasing the steering magnet current and therefore the magnetic field, moves 
the most uniform deposition region towards the PLS.
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Figure 6-5. Plot showing the change in thickness of ITO samples deposited at steering magnet 
currents of 180, 220 and 260 A and a launch magnet current of 80 A for samples deposited 40,
120,200,340 and 420 mm from the PLS.
Plotting the film thickness data as a function o f the launch magnet and steering magnet 
current, at a range o f distances from the PLS, a trend is observed showing that for the 
samples deposited near the PLS, the deposition rate increases with increasing steering 
magnet current. For samples deposited further away from the PLS (340 and 420 mm), an 
initial increase in deposition rate is observed for an increase from 180 to 220 A, and 
increasing the magnet current to 260 A results in a decrease in deposition rate for these 
samples, with a larger decrease in deposition rate for samples deposited further away from 
the PLS (Figure 6-5)
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Figure 6-6. Plot showing the change in thickness of ITO samples deposited with a launch 
magnet current of 80, 100 and 120 A and a steering magnet current of 220 A for samples 
deposited 40, 120,200,340 and 420 mm from the PLS
For a similar investigation on the effects of the launch magnet current (Figure 6-6), a similar 
trend was observed, with an increase in launch magnet current, increasing the deposition rate 
for samples deposited at 120, 200 and 340 mm from the PLS.
Table 6-1. The percentage variation from the mean film thickness measured in the specified 
range for selected steering magnet currents and a launch magnet current of 80 A. The most 
uniform results in each range are highlighted. The substrate was scanned across the apertures
to obtain these results.
Distance from PLS 
(mm)
Steering magnet current (A)
140 180 220 240 260
0-290 11 12 12 15 15
0-365 16 16 13 15 19
75-365 16 16 13 13 19
75-290 11 9 7 8 9
The film thickness variation was also investigated using a steering magnet current o f 220 A 
and varying the launch magnet current between 60 and 120 A. The data in Table 6-2 shows a 
similar trend to that in Table 6-1, with the best unifomiity (± 5%) being across the middle o f 
the deposited area and this was achieved for launch/steering magnet settings o f 60/220 A. 
However, this low launch magnet current (60 A) does not produce a uniform distribution 
across the full width o f the substrate holder, as the samples produced furthest away from the 
target are a much thinner, giving a large variation in film thickness from 0-365 mm from the
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PLS. As a result o f this non-uniformity, a launch magnet current o f 80 A and a steering 
magnet current o f 220 A were selected, as these settings produced the best uniformity over 
the full deposition area.
Table 6-2. The percentage variation from the mean film thickness measured in the specified 
range for launch magnet currents between 60 and 120 A and a steering magnet current of 
220 A. The most uniform results in each range are highlighted. The substrate was held 
stationary under the apertures to obtain these results.
Distance from PLS (mm) Launch magnet current (A)
60 80 100 120
0-290 15 13 13 13
0-365 20 14 17 20
75-365 20 14 17 20
75-290 5 8 11 11
From the data presented in Figure 6-4 and Tables 6-1 and 6-2 it is clear that the sample 
thickness is lowest at the two ends o f the substrate holder. For the substrates nearest the PLS 
this is most likely caused by the offset in the target position. As a result these substrates are 
not immediately below the target and therefore are expected to be thinner. However, the 
reduction in the deposition rate for samples further away the PLS can only be explained if 
there is a reduction in plasma density as a function o f distance. The variation in the thickness 
uniformity at the edges as a function magnet current, suggests that the magnetic field shape 
is changing and that this does have an effect on the uniformity o f deposition. However, a 
thickness variation o f ± 5 % over 200 mm is still poor compared to magnetron sputtering, 
and additional process tuning is required to produce a process which meets the current 
industry standards.
6.3.2 Optical Transmission Uniformity
The film thickness uniformity study using the silicon planar target showed that it is possible 
to improve the film thickness uniformity by changing the strength o f the launch and steering 
magnets. However throughout the investigation, the bottom end o f the target (furthest from 
the PLS) consistently exhibited a reduction in sputtering rate which was never explained. In 
this regard, while investigating the effects o f RF power on the properties o f indium tin oxide, 
an unusual effect was observed [158]. The average optical transmission o f the ITO deposited 
at the optimum oxygen flow rate decreased as the distance between the substrate and the 
PLS increased (Figure 6-7).
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Figure 6-7. A plot showing the effect of plasma launch power on the optical transmission of the 
deposited ITO as a function of distance from the PLS.
The data shows that an increase in plasma launch power from 1.5 kW to 2.5 kW results in a 
substantial increase in the optical transmission for the ITO deposited from the far end o f the 
target (furthest from the PLS). The three depositions used same process parameters, with 
only the RF plasma power and DC bias changing (the DC bias decreased with increasing RF 
plasma power to maintain a constant target power). It was unlikely that a decrease in DC 
would cause the observed effect. Flowever, if the plasma density was decreasing as a 
function o f distance, then this could affect the deposition process as the plasma is an 
important source o f energy in I-PVD techniques [41, 58]. The most likely explanation for 
such this decrease in plasma density is that the plasma is intercepting the target. To see if 
this was the case, Vizimag magnetic modelling software was used to model the system.
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6.3.3 Theoretical Modelling
The Vizimag software is used to predict the shape o f the magnetic field (and therefore the 
plasma) for a range o f conditions. The basic system layout for the Z600 is shown in Figure 
6-8. The chamber is made from non-magnetic stainless steel and therefore has been 
modelled as non-magnetic. If the chamber was magnetic, this will cause a short circuit o f the 
magnetic field and a reduction in plasma density
àntênhà
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Figure 6-8. A schematic diagram of the Z600 chamber (without any magnetic field lines).
As discussed in Chapter 4, the plasma shape is determined by the position o f the RF antenna 
relative to the PLS magnet and the quartz tube diameter. This is because the plasma will 
follow the magnetic field lines which intercept the quartz tube nearest to the antenna. The 
effect o f the antenna position on the plasma shape is shown in Figure 6-9. As the antenna 
moves towards the magnet, the magnetic field lines diverge more as a function of distance. 
As a result if the antenna is located too close to the magnet, then a diffuse plasma beam will 
be produced which can intercept the walls of the chamber reducing the plasma density. 
Similarly, if the antenna is located too far from the magnet, then it can intercept the end o f 
the target reducing the plasma density. The antenna should be located so that the plasma 
beam does not intercept the chamber or the target. When the chamber was initially 
assembled, there was insufficient room between the end o f the PLS and the target, as a 
result, there was position at which antenna could be placed where the plasma did not 
intercept the end of the target or the chamber wall. This issue was resolved by inserting a 
spacer to reduce the effective target length by 10 cm to 40 cm.
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Figure 6-9. A schematic diagram showing the plasma shape and different antenna positions for 
the Z600 system with two equally strong magnets. The plasma is coloured to match the colour of 
the antenna which would generate a beam of this shape.
Figures 6-10, 6-11 and 6-12 present Vizimag outputs showing the magnetic field lines (and 
hence shape o f the plasma) when the launch and steering (target) magnet currents have ratios 
of 1:1,1,2:1 and 1:2 respectively. Figure 6-10 shows the results for a magnet ratio o f 1:1 and 
in this case the magnetic field lines are most dispersed half way between the magnets. Under 
these conditions, the plasma stays reasonably close to the target along much o f its length, but 
does not propagate along the whole length o f the target. Instead, it collides with the target at 
a point approximately 75 % along the target length.
Figure 6-10. A schematic diagram showing the plasma shape (shown in blue) for the Z600 
system with two equally strong magnets. The plasma stays close to the target but intercepts the 
target at a point approximately 75 % along its length (highlighted by the red circle).
If the launch magnet current is increased to twice that o f the steering magnet (Figure 6-11) 
the magnetic field distribution changes such that the plasma extends almost the whole length 
o f the target (approximately 90 % of the target length), but would now be weaker in intensity 
approximately half way along the target and is more likely to intercept the end of the target.
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Figure 6-11. A schematic diagram showing the plasma shape when the PLS magnet is twice as 
strong as the target magnet. The plasma diverges from the target in the middle but would 
collide with the target close to the steering magnet.
If the steering magnet current is increased to twice that o f the launch magnet (Figure 6-12) 
the distribution o f the magnetic field changes such that the plasma intensity would now be 
weakest approximately one third o f the way along the target and the plasma extends only 
approximately 65 % of the target length, where it collides with the target. For all the magnet 
settings, the modelling results show that the front of the target intercepts the plasma beam.
Figure 6-12. A schematic showing the plasma shape when the target magnet is twice as strong as 
the PLS magnet. The plasma remains close to the target, but collides with the target earlier than
in the balanced conditions.
With the magnets arranged in their current locations (Figure 6-8), changing the ratio o f the 
magnet current strengths does not change the field shape sufficiently to stop the plasma 
beam intercepting the target and therefore losing plasma density.
The modeling also explains the finding of the first investigation and shows that a change in 
launch to steering magnet current ratio from 2 to 0.5 moves the position at which the 
magnetic field is at its broadest by -1 /3  of the chamber width, and has the effect of 
producing a region with a shallower gradient towards the strongest magnet. This explains the 
variation in the uniformity o f films deposited at the edges of the chamber as a function of 
magnet current.
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Having exhausted all possible solutions with the magnets in their current position, it was 
decided that it may be beneficial to move the magnet away from the base o f the target, 
making the system symmetrical about the middle of the target (Figure 6-13). This should 
leave space for the magnetic field to expand sufficiently to prevent the plasma intercepting 
the target at both the front and back.
Figure 6-13. A schematic diagram showing that by moving the electromagnet away from the 
base of the target by approximately the same spacing as the PLS magnet, two equally strong 
magnets can be used to setup a symmetrical plasma. The plasma stays relatively close to the 
target but does not collide with it anywhere along its length.
The modeling results for the proposed new target arrangement are presented in Figure 6-13 
for a 1:1 launch to steering magnet ratio. The results show that by moving the magnet away 
from the target, the plasma/target collisions should indeed be prevented and the target should 
be exposed to a relatively uniform plasma exposure to along its whole length, enabling ITO 
with good transmission properties to be deposited over this distance.
6.3.4 Testing the New Magnet Position
Using the same process conditions as before, ITO samples were deposited employing the 
new magnet positions for a 1:1 launch/steering magnet ratio. The optical transmission results 
using plasma launch powers o f 1.5 and 2.0 kW are shown in Figure 6-14. It can clearly be 
seen that the new magnet position has a dramatic effect on the uniformity o f the optical 
transmission o f the ITO coatings, with the average visible light transmission being greater 
than 80 % across the whole deposition area for an RF plasma launch power o f 2.0 kW. The 
increased separation of the magnets does however result in a 25% target ion current decrease 
and it should also be noted that at 1.5 kW launch power, the optical transmission does 
appear to be decreasing at locations farthest from the PLS.
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Figure 6-14. A plot showing the effect of plasma launch power on the transmission of the ITO 
deposited after moving the target magnet to its new position further away from the target.
6.3.5 Investigating the Effects of Launch and Steering Magnet 
Power on the Target Ion Current
After the target magnet position was adjusted, an aluminium zinc target was now mounted in 
the system and the target current (from the target power supply) was measured for a range of 
launch and steering magnet currents (at a constant RF plasma power o f 3 kW,-200V DC bias 
and argon flow rate). The results are presented in Table 6-3. The results show that varying 
the steering and launch magnet currents have a significant effect on the resulting target 
current.
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Table 6-3. The target current (A) measured from an aluminum zinc target using 3.0 kW RF 
plasma power, -200V DC bias and 75 seem Ar, for a range of target and steering magnet 
currents. Regions of constant magnet launch to steering ratios are highlighted in blue (2:1), grey
(1:1) and green (1:2).
Launch Magnet Current (A)
50 60 70 80 90 100 120 140 160 180 200
40 2.40 2.42 2.34 2.27 2.18 2.13 2.05 : 1.97 1.93 1.93 1.96
50 2.56 2.57 2.45 2.37 2.28 2.22 2.10 2.00 1.94 1.94 1.96
60 2.70 2.71 2.59 2.50 2.39 2.32 2.16 2.01 1.99 1.97 1.95
70 2.87 2.88 2.75 2.64 2.51 2.41 2.22 2.08 2.02 1.99 1.96
< 80 3.00 3.03 2.88 2.78 2.61 2.52 2.28 2.13 2.05 2.01 1.97
c
2 90 3.17 3.20 3.03 2.91 2.74 2.61 2.35 2.18 2.09 2.04 1.98
3u 100 3.40 3.41 3.21 3.03 2.87 2.72 2.44 2.24 2.13 2.07 1.99
(Uc 120 3.75 3.72 3.49 3.33 3.11 2.94 2.58 2.36 2.21 2.13 2.02
140 4.15 4.10 3.81 3.63 3.36 3.16 2.64 2.49 2.32 2.22 2.09
c 160 4.52 4.44 4.14 3.92 3.64 3.40 2.92 2.63 2.43 2.33 2.18
$ 180 4.87 4.77 4.48 4.21 3.91 3.63 3.16 2.83 2.57 2.44 2.26
200 5.25 5.13 4.82 4.55 4.19 3.88 3.35 3.00 2.73 2.55 2.39
Comparing the target currents for equal launch and steering magnet settings (Table 6-3) it 
appears that both the ratio o f launch and steering magnet currents and the absolute value o f 
the magnet currents affect the target ion current. This can be seen by comparing the target 
ion current for magnet ratios o f (2:1), (1:1) and (1:2) in Table 6-3. The peak target current 
for each o f these ratios is achieved for a launch magnet current o f 80 A. This suggest that a 
launch magnet current o f 80 A is critical for the best coupling o f the RF power into the 
plasma for this argon flow rate and antenna position. The reasons why this should be the 
case are unknown. However, despite this relationship between the launch magnet current and 
the ion current, it can be seen in Table 6-3 that the ratio o f the launch to steering magnet has 
a much greater effect. The peak target current and the launch:steering magnet current ratio 
exhibit an inverse relationship with the largest target ion current achieved when the ratio is 
smallest.
From the magnetic modelling experiments, the reduction in ion current could be explained in 
two ways: (a) the plasma is colliding with the end o f the target and increasing the launch 
magnet current results in more o f the plasma beam intercepting the end o f the target 
reducing the current further; (b) the plasma density decreases as it propagates along the 
chamber because it is further away from the PLS. Here increasing the steering magnet 
current, confines the plasma to a smaller volume nearer the PLS and therefore the plasma 
density does not decrease as much. If the plasma is colliding with the target, this would be 
best solved by increasing the magnet size to produce a straighter magnetic field profile, as 
shown in the Vizimag model in Figure 6-15
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Figure 6-15. Vizimag model showing the magnetic field for larger magnets
6.4 Summary
The strength of the magnetic field and the position o f the magnets has been shown to 
influence both the uniformity o f coating thickness and the structure/properties o f ITO 
deposited from a metallic target in a reactive sputtering process. Theoretical modeling has 
shown that if the magnet is positioned too close to the base o f the target, then the plasma will 
collide with the end of the target, reducing the plasma density in this region. To rectify this 
issue the magnet has been spaced away from the base of the target. This has increased the 
uniformity o f the average visible light transmission o f ITO sample. However, the target ion 
current was reduced by 25%.
The effect o f the magnetic field on the ion current was also investigated. It was found that a 
large steering magnet current and low launch magnet current produce the largest target ion 
current. From the theoretical modeling, using these parameters is known to compress the 
plasma into a smaller region near the PLS. This suggests that the plasma density may reduce 
as the plasma propagates away from the PLS. A possible solution of using larger diameter 
magnets has been suggested to produce a more ‘linear’ magnetic field and reduce the 
chances o f the target intercepting the magnetic field and adversely affecting the plasma 
generation region. A launch magnet current o f 80 A and a steering magnet o f current 220A 
was selected as the best compromise between uniformity and ion current.
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7A Introduction
In the previous chapter it was found that the shape o f the plasma affects both the film 
thickness and the transmission properties o f indium tin oxide sputtered in an oxygen/argon 
atmosphere from a metallic target. In this section, the heat flux from the plasma and the 
target will be quantified with the aim o f understanding why the plasma may have this effect 
on coatings. It is expected that this will also help explain the following previous 
observations that Plasma Quest workers have reported in the literature regarding their thin 
films:
(a) HiTUS can deposit dense, polycrystalline material without the need for 
substrate heating and high quality ITO thin films with specific resistivity as 
low as 3.8 X 10"*H em  and integrated transmission greater than 90% 
(between 400-800nm) have been deposited onto both PEN and PET 
substrates [116].
(b) Preferred growth mode o f ITO (deposited at 460°C) from < 1 II>  to <I00> 
by reducing the RF plasma power at a constant DC target power [144]
(c) Increasing the DC bias was found to increase the grain size for CoFe thin 
films [159, 160].
The mechanism for these changes in the structure was attributed to the energetic particle 
bombardment o f the substrate. However, energetic particle bombardment is not the only 
mechanism o f energy transfer in a deposition system. Kersten et al identified that, as well as 
being bombarded by energetic ions and neutrals, the substrate is also exposed to a flux o f 
electrons and photons from the plasma and that energy will be released from chemical 
reactions on the substrate surface [94].
The work by Kersten et al has shown that the major source o f heating varies for different 
processes. For a process using only an RF plasma discharge, such as that used to clean the 
substrates prior to thin film deposition in the HiTUS system, the major source o f heating was 
found to be charge carriers^. However, in a planar magnetron system where the discharge is
 ^ Charge carrier heat flux between 3 x 10'  ^ -  6 x 10'^ J cm'^ while neutral species 
contributed only 1 x 10"^  J cm s'^
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generated using a high voltage DC bias and the substrate is located in close proximity to the 
target, backscattered argon atoms from the sputtering process are the major heat source. In 
addition to causing heating at the substrate, these backscattered argon atoms are often 
sufficiently energetic to cause re-sputtering o f the film surface and are known to form argon 
inclusions and voids in the lattice [41, 94].
As the target to substrate spacing is increased, as is the case with a cylindrical magnetron, 
theoretical modelling by Thornton et al [83] has predicted that the backscattered argon 
neutrals lose most o f their energy before they reach the substrate. In these system the plasma 
contributes up to 30% o f the total heat flux in the form of low energy ion bombardment, 
ionisation o f reactive species and UV radiation [94].
The work o f Thornton et al [83] suggests that by increasing the RF plasma power o f the 
system and maintaining all other process parameters constant, the heat flux to the substrate 
could be increased for a constant target power and therefore deposition rate. To characterise 
the energy contribution to the substrate from both the plasma and the target, the rate of 
heating was measured for a range o f RF plasma powers at a constant target power and for a 
range o f target powers at a constant RF plasma power.
7.2 Experimental Method
To quantify the heating o f the substrate by the plasma and the target in the linear HiTUS, a 
single chamber version of the system was configured with a specially designed substrate 
holder (Figure 7-1). The substrate holder consisted of a 115 mm diameter copper disc of 
known mass (880 g) which was thermally and electrically isolated using a PTFE spacer. A 
k-type thermocouple was inserted into a hole in the back o f the copper disc to ensure a good 
thermal contact and therefore an accurate temperature measurement. The thermocouple was 
attached to a handheld digital readout/power supply via a feedthrough in the chamber to give 
a live temperature measurement.
Figure 7-1. CAD image of the heat flux substrate holder.
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The substrate holder was positioned level with the centre o f the target at a substrate-target 
separation o f approximately 200 mm as seen in the system diagram (Figure 7-2).
substrate.
1 Target
------------
Electromagnets
---------=3
Substrate Plasma launch system (PLS)
Shutter Plasma
Figure 7-2. A schematic diagram of the Linear HiTUS system (APVD) used for the heat flux
measurements
The sputtering system used was similar to the configuration used in the in-line system. The 
system was fitted with a 500 mm ln:Sn (90:10 wt.%) target for sputtering and the PLS 
consisted of a 20 cm quartz tube with a copper antenna. The two identical electromagnets 
were positioned at the end o f the PLS and the beneath the target. The separation between the 
magnets was approximately 1000 mm. The magnet currents used were 60 A and 120 A for 
the PLS and target magnet respectively. A photograph o f the system can be seen in (Figure 
7-3). A mass flow controller was used to deliver a constant flow rate o f 100 seem o f argon 
for all o f the experiments giving a chamber pressure o f 0.3 Pa.
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Figure 7-3. Photograph of the cylindrical target during testing in a single chamber coating
system.
To quantify the heat in from each o f the sources, the temperature o f a known thermal mass 
(the copper substrate holder) was measured as a function of time, for both heating and 
cooling, the heat flux to the substrate can be calculated using equation 7-1.
! As = {heat) — {cool) = me
dt dt
c o o !  J ' I
(7-1)
Q,„ Heat in
H,(heat) Rate of heating (plasma on)=Q^-Qout
H /cool) Rate of cooling (plasma off)=-Qom
Surface area 103.9 cm^
M  Mass
C Specific heat capacity
dT/dt Change in temperature with time
Copper disc 880 g 
Copper 0.385 J/g K
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The heat flux was quantified for three conditions;
1. RF plasma only conditions. RF plasma powers employed ranged from 1.5 kW to 
4kW .
2. For target powers o f 0 kW to 2.5 kW for an RF plasma power of 2 kW. These 
conditions allow the heating effects o f the target to be quantified.
By measuring the heat flux to the sample for these regimes, the magnitude o f the energy 
delivered from the plasma and the target can be quantified enabling a better understanding of 
the processes taking place in the system. Due to the large mass o f  the copper block used as 
the thermal mass, data was typically recorded over 2-3 hours and the temperature was 
manually recorded every 5 minutes. This enabled the equilibrium temperature of the 
substrate to be calculated.
7.3 Results
The data for the heat flux was collected as a series of heating and cooling measurements for 
several different conditions. The heating and cooling o f the substrate holder for the 
sputtering o f In:Sn using 2 kW RF plasma power and -300 V DC bias is shown in Figure
7-4. It can be seen that between 50 °C and 100 °C the increase in the temperature o f copper 
substrate holder is approximately linear. This section o f the temperature curve can be used to 
measure an approximate rate of temperature rise for the substrate. The rate o f sample cooling 
is measured across the same temperature range and is taken as the linear average increase in 
temperature across the range. The rate o f cooling was 0.016 mW/cm^.
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Figure 7-4. A graph showing the heating and cooling of the copper block at 100 seem Ar flow 
rate, 2 kW RF plasma power and -300 V DC bias.
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The temperature curve for the plasma only conditions are shown in Figure 7-5 for RF plasma 
powers from 1.5-4.0 kW and 0 V DC target bias. Figure 7-6 shows the temperature curve for 
the sputtering of ITO using a constant 2 kW RF plasma power changing the target bias 
voltages from -100 to -500V (giving target powers from 500 W to 2500 W ).
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Figure 7-5. A graph showing the temperature as a function of time for 1.5-4.0 kW RF plasma
and 0 V DC target bias
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Figure 7-6. A graph showing the temperature as a function of time for the sputtering of ITO 
using a 2 kW RF plasma and DC target biases from -100 V to -500 V (equating to target powers
of 500 W to 2500 W).
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Figure 7-7. A graph of heat in per unit area as a function of plasma launch power for substrate 
cleaning conditions (RF plasma only, no target bias) and an argon flow rate of 100 seem. The 
heat flux to the substrate increases by 0.0243 ± 0.004 mW/cm^ for every 1 W increase in RF
plasma power
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Figure 7-8. A graph of heat in per unit area (mW/cm^) as a function of target power for an RF 
plasma power of 2 kW and an argon flow rate of 100 seem. The heat flux to the substrate 
increases by 0.014 ± 0.005 mW/cm^ for every 1 W increase in RF plasma power
In addition to calculating the relative flux of energy from the plasma and the target during 
processing, it was observed that the rate of cooling increased as a function o f substrate 
temperatures (as shown by the decrease in rate o f temperature rise as a function o f time in 
Figures 7-5 and 7-6). When the rate of cooling is equal to the rate o f heating are equal, the 
system will reach an equilibrium temperature. This was by fitting an exponential decay to 
the curve with equation (Te-m*exp(a)) where T  ^ is the equilibrium temperature and, m and a
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are constants. This value can be used to approximate the temperature o f the substrate for 
thick films. For a 2 kW plasma launch power, the approximate temperatures for a range of 
target powers are given in Figure 7-9.
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Figure 7-9. The equilibrium substrate temperature as a function of target power for a 
plasma launch power of 2 kW and argon flow rate of 100 seem.
7.4 Discussion
The investigation has shown that an increase in either the target or the plasma power results 
in an increased heat flux to the substrate. For every one Watt increase in power, the heat flux 
to the substrate increased by 0.014 ± 0.005 mW/cm^ and 0.024 ± 0.004 mW/cm^ for the 
target power and the RF plasma power respectively (Figures 7-8 and Figure 7-9. This data 
indicates that both the RF plasma and sputtered atoms from the target contribute to the 
heating o f the substrate under these conditions. The data indicates that the plasma is more 
efficient at delivering energy to the substrate than sputtered atoms from the target. In 
addition to this, by running at a constant target power, the RF plasma power can be increased 
without increasing the deposition rate and therefore presents an alternative heating 
mechanism to a heated substrate holder. For the deposition of ITO at 2 kW RF power and 
1000 W target power, it can be calculated that the plasma would be contributing 80% o f the 
energy delivered to the substrate. This is more than the plasma contribution in a cylindrical 
magnetron sputtering system [94].
The heat flux investigation has shown that for normal processes (2.0 kW RF plasma power 
and 2.5 kW DC target power) the energy delivered to the surface o f the growing film from 
the plasma is approximately 50 mW/cm^ (Figure 7-8). For an argon flow rate o f 100 seem 
the energy delivered to the film surface would be sufficient for the sample temperature to
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reach equilibrium temperature o f 170°C (Figure 7-9'*) for the deposition o f a thick film. 
However, as the coating temperature does not start at 170°C, for a thin coating, bulk 
annealing o f materials deposited in this manner would not be expected to exhibit a Z3 
structure [3].
The use o f the plasma to heat the growing film is beneficial as the energy is focused at the 
surface o f the growing film and therefore enables coatings such as ITO which require 
heating to produce high quality material, to be deposited onto sensitive substrates. However, 
the energy produced by the plasma necessitates water cooling o f the system and substrate to 
maintain a constant deposition temperature. This would be especially important for an 
in-line system where deposition is often continuous. Where a very low temperature is 
required, a reduction in plasma power and target bias can easily reduce the equivalent 
deposition temperature to less than 60°C.
From the Thornton model, considering the ITO melting point o f 1800-2000 K, for the 
deposition conditions 2.0 kW RF plasma power and 2.5 kW DC target power, it might be 
expected that an amorphous ITO with a Z1 or ZT structure would be deposited. (For a Z2 
structure, a deposition temperature o f 300 °C or higher would be required, which is higher 
than the any temperature measured during this investigation).
However, research by Petrov et al has shown that for the best quality films, the temperature 
o f the substrate may not be the most important factor, instead, the flux, energy and charge o f 
the bombarding species are also important in determining the structure and morphology o f 
the coating [41]. It is expected that the quasi-independence o f the plasma and target powers 
in the HiTUS system are likely to be advantageous for controlling these parameters. The 
effects o f RF power on the ITO microstructure are investigated in Chapter 8 and by Yeadon 
et al [121].
7.5 Summary
The remote plasma used in the HiTUS system has been shown to be an effective method for 
heating the surface o f the growing film. An increase in the plasma or target power has a 
similar heating effect on the substrate. However, as the crucial quantity is energy delivered 
per adsorbed species, a higher plasma power and low deposition rate would be expected to 
produce the highest quality dielectric thin films. The energy delivered by the plasma to the 
growing film is expected to reduce the external substrate heating required for the synthesis 
o f good quality thin films.
'* This is based on the fact that the equilibrium temperature for the substrate in a 2 kW 
plasma with 2.5 kW DC bias applied to the target is 170°C. A heated substrate table at 
170°C would experience the same cooling therefore and energy in = energy out for both 
conditions then they should be equivalent.
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8.1 Introduction
In the previous chapter it was shown that the standard HiTUS system can be used to deposit 
high quality films under ambient conditions and that by increasing either the RF plasma 
power or DC target bias the heat flux to the substrate can be increased in the Linear HiTUS. 
In this chapter aluminium zinc oxide (AZO) and tin doped indium oxide (ITO) were used to 
investigate the effects o f the plasma on the film properties. These materials are o f 
commercial interest due to the applications o f transparent conducting materials in the display 
and energy industries. The ability to generate a high flux o f low energy ions has been shown 
to be beneficial for most thin film deposition processes [41]. This investigation aims to 
investigate the effects o f the plasma density on the electrical and optical properties o f the 
material and how these effects may influence the design o f future large area HiTUS systems.
After initial optimisation o f the deposition parameters, two sets o f ITO films were deposited 
onto glass and silicon to explore the effects o f varying the RF plasma power for films 
deposited under optimized and oxygen depleted conditions. Firstly, at a depleted oxygen 
flow rate o f 18 seem a set o f  films was deposited using RF plasma powers in the range o f 
2.0 - 3.5 kW. Then a second set o f films was deposited at the optimum oxygen flow rate o f 
25 seem employing RF plasma powers in the range o f 1.5 - 2.5 kW. To compare the effects 
o f delivering energy to the sample surface via the deposition process with a conventionally 
heated sample, a coating was deposited at this same optimum oxygen flow rate onto a 
substrate which had been heated to 200 °C prior immediately before deposition.
A second investigation was conducted using AZO to establish if  the findings are material 
specific. This investigation focused on the effects o f RF plasma power on the specific 
resistivity o f the AZO film and more importantly on the uniformity o f the properties for ITO 
and AZO films across the deposition area.
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8.2 Experimental Technique
8.2.1 Thin Film Deposition
Films were reactively sputtered from metallic targets, 90:10 wt.% In:Sn (purity 99.99%) for 
ITO and 98:2 wt.% Zn:Al (purity 99.9%) for AZO, at different oxygen flow rates and RF 
plasma powers using an in-line Linear HiTUS system (details o f the technology are 
discussed elsewhere [32, 116, 161]) onto glass and silicon substrates.
Prior to deposition, the substrates were cleaned using an EcoClear® cleaning solution and 
dried with dry nitrogen gas. The chamber was evacuated to a base pressure o f 6% 10'"* Pa 
before being filled with argon to a process pressure o f 0.3 Pa. The substrates were treated 
with a low power plasma (no DC bias was applied to the target or substrate) to desorb 
volatile surface contaminants such as hydrocarbon species and adsorbed water. The target 
was prepared for the coating process by pre-sputtering in Ar and then in the Ar + O2 gas 
mixture required for the subsequent coating stage o f the process.
After the initial process optimisation (described in section 4.3), two samples sets of ITO 
samples were used to investigate the effects of the RF plasma power at different oxygen 
flow rates. The process parameters used to deposit these samples are given in Table 8-1. The 
samples have been numbered using a system incorporating the O 2 flow rate as an identifier 
for the two different sample sets (i.e. samples 18-1 to 18-4 for the samples deposited at 
18 seem and 25-1 to 25-4 for the samples deposited at 25 seem O 2). All samples were 
deposited onto unheated substrates except for sample 25-4 which was radiatively heated to 
200 °C before thin film deposition. The samples were not annealed after deposition.
Table 8-1. The deposition parameters for the two sets of ITO coatings deposited at oxygen flow 
rates of 25 seem (sample numbers 25-1 to 25-4) and 18 seem (sample numbers 18-1 to 18-4).
Sample 25-1 25-2 25-3 25-4 18-1 18-2 18-3 18-4
Argon (seem) 70 70 70 70 70 70 70 70
RF plasma 
power (kW)
1.5 2.0 2.5 2.0 2.0 2.5 3.0 3.5
Deposition
temperature
m
ambient ambient ambient 200 ambient ambient ambient ambient
Ion current 
(A)
3.4 4.4 5.4 4.2 4.2 5.3 6.1 6.9
DC bias (V) -294 -230 -185 -240 -240 -189 -160 -147
Oxygen
(seem)
25 25 25 25 18 18 18 18
Thickness
(nm)
350 380 450 320 400 400 400 400
To investigate the effects o f RF plasma power on the growth o f AZO coatings. AZO 
coatings were deposited on soda lime glass substrates using RF plasma power from 
1.8-3.0 kW, 1.7 kW DC target power, and two O 2 How rates (19 and 21 seem). All samples
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were deposited for the sample duration (4 min) resulting samples o f similar thicknesses. The 
full deposition parameters are shown in Table 8-2.
Table 8-2. The deposition parameters for the AZO coatings.
Sam ple AZO-19- AZO-19- AZO-19- AZO-21- AZO-21- AZO-21-
1 2 3 1 2 3
A rgon (seem) 70 70 70 70 70 70
R F  plasm a pow er 
(kW )
1.8 2.5 3.0 1.8 2.5 3.0
0 2  flow (seem) 19 19 19 21 21 21
Deposition ambient ambient ambient ambient ambient ambient
tem pera tu re  (°C)
Ion cu rren t (A) 2.8 4.6 5.8 2.8 4.6 5.8
DC bias (V) -600 -370 -290 -600 -370 -290
Thickness (nm) 90 n o 90 90 105 110
8.3 ITO Results
8.3.1 Initial Process Setup - Influence of Oxygen on Optical 
and Electrical Properties
Before studying the variation in the properties o f ITO coatings caused by different RF 
plasma powers during deposition, the optimum oxygen flow rate needed to be determined. 
This was achieved by depositing samples at oxygen flow rates from 0 to 25 seem with 
increments o f  5 seem between depositions. The specific resistivity and optical transmission 
were measured to establish the oxygen flow rate which produced the best samples. A 
constant 2.0 kW RF plasma power and 1,0 kW target power were used throughout this initial 
optimisation process. Figure 8-1 shows that with increasing O2 flow rate, the ITO approaches 
full stoichiometry, resulting in an increase in visible light transmission (VET) and 2 orders 
o f magnitude decrease in specific resistivity between 15 and 25 seem. At 25 seem the ITO 
coating exhibits VET o f 92% and specific resistivity o f 3.8 % 1 0 ^ 0  cm. These results show 
that the process is stable and capable o f producing high quality ITO. These results compare 
very well with the VET o f 91% and specific resistivity o f 4 x 10"'* O cm reported in the last 
chapter for ITO deposited using the standard HITUS. However, the system is more 
susceptible to target poisoning than the standard HiTUS system as demonstrated by the 
process running away when oxygen flow rates greater than 25 seem are used.
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Figure 8-1. A plot showing the specific resistivity and VLT of the ITO films, as a function of 
oxygen flow rate. Beyond 25 seem the specific resistivity is expected to increase, however at a 
RF plasma power of 2.0 kW, the system became unstable for oxygen flow rates greater than 
25 seem, preventing the collection of further data.
8.3.2 Characterisation of ITO Samples Deposited at Flow 
Rates of 18 and 25 seem.
All the ITO films deposited had thicknesses in the range 320 -  450 nm (Table 8-1). The 
effects of RF plasma power were investigated on films deposited under oxygen depleted 
conditions (oxygen flow rate o f 18 seem). The optical transmission data for ITO deposited at 
RF plasma powers from 2.0 - 3.5 kW (Figure 8-2) shows that raising the RF plasma power 
results in an increase in the optical transmission. From 8-1, it can be seen that a similar 
effect is observed as the oxygen flow rate is increased.
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Figure 8-2. Optical transmission spectra for the ITO films deposited at an oxygen flow of 18 
seem with RF plasma powers ranging from 2.0 - 3.5 kW, referenced to the glass substrates. The 
transmission is seen to improve as the RF plasma power is increased resulting in an increase in
peak transmission from 60 % to 98 %.
Figure 8-2 shows the optical transmission data for ITO deposited at the optimal oxygen flow 
rate of 25 seem for RF plasma powers from 1.5 - 2.5 kW. For comparison, the result for the 
sample deposited at the same oxygen flow rate and RF plasma power o f 2.0 kW, but heated 
to 200 °C during film growth (sample 25-4) is also presented. It can be seen that ITO 
samples deposited at 1.5 kW and 2.0 kW have almost identical transmission spectra. 
However, as the RF plasma power is increased to 2.5 kW, the absorption edge o f the ITO 
moves to shorter wavelengths, consistent with an increase in the optical band gap. The 
optical band gap increases further for the sample deposited at elevated temperature.
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Figure 8-3. Optical transmission spectra for the ITO films deposited at an oxygen flow of 
25 seem with RF plasma powers ranging from 1.5 - 2.5 kW, referenced to the glass substrates. 
The transmission of the heated sample (25-4) shows the spectrum of ITO with a high carrier
concentration.
The Tauc relationship (equation 8-1) was used to calculate the ITO optical band gap, Eg.
(aim) = C(hv-E„) (8-1)
Where a is the absorption coefficient, h is Plank’s constant, u is the frequency and C is a 
constant [162, 163]. The optical gap for the 25 seem oxygen samples is shown to increase 
from 3.48 eV to 3.91 eV with increased RF plasma power and heating (Figure 8-3 and 
Figure 8-4). This is consistent with the Burstein-Moss effect which predicts a widening of 
the optical band gap as more low energy states in the conduction band are filled by free 
carriers [104, 164].
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Figure 8-4. Plots of (aho)^ as a function of ho for the ITO films deposited at an oxygen flow of 
25 seem. The optical band gap is predicted by extrapolating the gradient from the linear part of 
the plot to the energy axis. The widening of the band gap is indicative of an increase in carrier
concentration.
With regard to electrical properties, both sets of samples show a decrease in specific 
resistivity with an increase in RF plasma power. The specific resistivity o f samples 18-2, 
18-3 and 18-4 were found to be 12.6 x 10"'^  £2 cm, 11.6 % lO"'* £2 cm and 9.2 x 10''* £2 cm 
respectively. A more extensive set of electrical properties data, including Hall 
measurements, was recorded for the samples deposited at the oxygen flow rate o f 25 seem 
and the results are presented in Table 8-3.
1 3^
Chapter 8 Characterising the Effects of RF Plasma Power on ITO and AZO
Table 8-3. A table showing the electrical properties of the ITO coatings deposited at an oxygen
flow rate of 25 seem on glass substrates.
Samples 25-1 25-2 25-3 25-4
-4
Resistivity xlO (ohm cm) four point 
probe
3.8 3.6 3.5 1.9
-4
Resistivity xlO (ohm cm) Hall 
measurement
3.8 3.7 3.5 2.6
2
Mobility cm /V-s 50 45 43 42
20 3
Carrier concentration xlQ /cm 3.5 3.7 4.2 5.6
The electrical results for the samples deposited at 18 seem and 25 seem indicate that 
increasing eh plasma power can be used to decrease in the resistivity from 12.6 x 10“* O cm 
to 9.2 X 10“* O cm is much larger than the error from the thickness and sheet resistance 
measurements o f ±5% although this change could be explained by increased oxygen 
incorporation. For samples deposited at 25 seem the sheet resistance for unheated sample 
was the same for the four point probe and the Hall measurement increasing the confidence in 
these measurements, the error o f ±5% is o f the order o f the variation in the specific 
resistivity o f the samples. However, both the Hall measurements presented in Table 8-3 and 
the band widening in Figure 8-4 show that the carrier concentration increase for ITO 
deposited at high RF plasma power. This result agrees with the literature where the main 
increase in ITO conductivity is attributed to an increase in free carriers as a result o f  the 
effective substitutional doping o f In^^ sites with Sn'*  ^[114].
X-ray diffraction has been used to investigate the effects o f increasing the RF plasma power 
and heating on the crystal structure o f the material. The XRD experimental conditions have 
been described previously (§3.3) and ITO thin films deposited onto silicon and glass 
substrates were investigated. As the doping o f ITO is strongly influenced by crystallinity, a 
strong correlation between the grain size and the specific resistivity o f the material would be 
expected. For the samples deposited at the depleted oxygen concentration (18 seem), the 
XRD diffractograms given in Figure 8-5 show that at RF plasma powers between 
2.5 - 3.5 kW, the samples have a structure which is nano-crystalline. However, the additional 
presence o f an amorphous ‘hump’ in the diffractogram for sample 18-1, deposited at 2.0 kW, 
indicates that this ITO film has a mixed amorphous/nano-crystalline structure. All samples 
exhibited average grain sizes in the range o f 55 -  65 nm (on both silicon and glass 
substrates) and it can be seen that as the plasma density is increased, the highest intensity 
XRD peak changes from the (400) reflection to the (222) indicating a change in texture 
changes from <100> to <111> (Figure 8-5). However, XRD calculated grain size decreased 
with RF plasma power but the amorphous hump disappears suggesting that the samples are 
more crystalline at higher RF plasma powers.
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Figure 8-5. XRD diffractograms showing the effect of RF plasma power on the structure of ITO 
films deposited onto silicon substrates at an oxygen flow rate of 18 seem. The diffractograms 
show a change in the position of peak reflectance from (400) to (222) with increasing plasma 
power. Indicating a change in preferred orientation from <100> to <111>.
The XRD diffractograms (Figure 8-6) for the (unheated) samples deposited at optimum 
oxygen concentration (25 seem) show a similar behaviour to those deposited at lower 
oxygen concentrations (Figure 8-5). At low RF plasma powers, of 1.5 kW and 2.0 kW, the 
ITO films exhibit a mixture of amorphous and nano-crystalline phases and at the higher 
power of 2.5 kW the structure changes to purely nano-crystalline. This is similar to the 
sample deposited at 200 °C which is also purely nano-crystalline structure being formed. 
Both o f the nano-crystalline coatings had an average grain size of 35 - 40 nm (on both glass 
and silicon substrates) and the more conductive samples also had XRD diffractorams 
indicating that the material was more crystalline with larger crystal grains. With regard to 
texture, at the highest power o f 2.5 kW, a <111 > texture is observed, whilst the sample 
deposited at 2.0 kW and heated to 200 °C, shows a <100> texture.
Comparing the nanostructures formed at 18 and 25 seem oxygen, it can be seen that a similar 
<111> textured nano-crystalline structure is formed through depositing at a high RF plasma 
power at lower oxygen flow rates or a medium RF plasma power at a higher oxygen 
concentration.
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Figure 8-6. XRD diffractograms showing the effect of RF plasma power on the structure of ITO 
films deposited onto silicon substrates at an oxygen flow rate of 25 seem.
8.3.3 AZO Results
The experiments with AZO films show a similar correlation between an increase in RF 
plasma power and a decrease in specific resistivity (Figure 8-7). The results show that for 
oxygen flow rates o f both 19 and 21 seem, the specific resistivity decreases for material 
deposited at higher RF plasma powers.
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Figure 8-7. Plot showing the effects of RF plasma power on the specific resistivity of 100 nm 
thick AZO coatings deposited at oxygen flow rates of 19 and 21 seem.
The transmission spectrum o f the best AZO (Figure 8-8) shows that as expected, the material 
is highly transparent and that this coating would be suitable for window coatings and similar 
applications.
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Figure 8-8. Optical transmission spectrum for a 200 nm thick AZO coating on a glass substrate. 
The spectrum is referenced to the glass substrate.
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8.3.4 Uniformity of Deposition
Having developed an optimized process for deposition o f  ITO onto glass and silicon, the 
uniformity o f  the deposition process was investigated. To achieve this a 100 nm thick ITO 
film was deposited onto an A4 PET sheet at a plasma power o f 2.0 kW and an oxygen flow 
rate o f  25 seem to dem onstrate the com patibility o f  the process with organic substrates.
The average specific resistivity o f  the deposited ITO was 3.96 x lO'"^  O  cm with a variation 
o f  less than ±  10% over 26 cm (Figure 8-9). The VET was observed to be greater than 85 % 
at all points on the film (Figure 8-9). The sheet resistance o f  these ITO films was found to be 
40 Q /D . W ith no active cooling o f  the steel backplate, 100 nm thick ITO films can easily be 
deposited onto PET sheets w ithout degradation o f the substrate.
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Figure 8-9. A plot showing the specific resistivity and VLT of the ITO as a function of distance 
from the PLS. The plot shows that the ITO is deposited uniformly along the line of the target, 
which is the most non-uniform direction in a web coating system.
However, from Figure 8-9, it can be seen that the sheet resistance increases rapidly as the 
distance to the PLS increases beyond 30 cm. From 8-10, it can be seen that the coating is 
thicker in this region; this could indicate that the films are slightly under oxidized as a result 
o f  the faster growth rate.
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Figure 8-10. A plot showing the specific resistivity and film thickness of the ITO films as a
function of distance from PLS
To investigate whether this was the same for all large area coatings, the uniform ity 
experim ent was repeated for AZO films. The coatings were deposited at 2.5 kW RF plasm a 
power, 100 seem A r and 1.75 kW  target power. For these coatings, it can be seen that the 
average visible light transm ission is over 90% across the entire sample width. However, as 
was the case with the ITO samples, the specific resistivity increases from 1.3 x 10'^ O  cm to 
over 6 x]0 '^ Ü  cm as the distance from the PLS increases to greater than 30 cm (Figure
8-11). However, unlike with the ITO coatings, the thickness o f  the coating decreases when 
the distance from the PLS increases to greater than 25 cm Figure 8-12.
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Figure 8-11. Plot to the specific resistivity and the visible light transmission of AZO coatings
(referenced to the glass substrate).
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Figure 8-12. A plot showing the comparison of the change in specific resistivity and film
thickness.
If the specific resistivity is plotted against the film thickness for AZO (Figure 8-13), it can 
be seen that for a given film thickness, the sample deposited nearer the PLS will have a
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lower specific resistivity than one o f a similar thickness deposited further away. This and the 
change in location o f the onset o f increased specific resistivity would suggest that the change 
in specific resistivity is not caused by an increase in oxygen consumption due to a faster 
deposition rate, but by something else. The most likely cause would be that the plasma 
density is decreasing across the chamber.
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Figure 8-13. Plot showing the correlation between thickness and specific resistivity for coatings 
deposited nearest to the PLS (squares), coatings furthest from the PLS (diamonds) and all of the 
coatings (solid line). The labels denote the position of the sample relative to the PLS (cm).
8.4 Discussion
The optimisation o f the deposition process for the Linear HiTUS showed that the optimum 
flow rate o f 25 seem at 1.0 kW DC power was significantly less than the flow rate of 
47 seem required in the standard HiTUS system at 0.5 kW. This change is most likely to be 
explained by the difference in the deposition rate o f the two processes, with the Linear and 
standard HiTUS systems depositing material at 20 nm/min and 48 nm/min respectively 
despite the Linear HiTUS system using twice the target power. The optimum oxygen flow 
rate is also expected to be effected by the target substrate separation, the plasma power and 
volume, the deposition area and the pumping speed as indicated by the rise in process 
pressure with oxygen flow rate.
The investigation has also shown that changing the RF plasma power has a number o f 
effects on both the ITO and AZO processes. For ITO coatings, an increase in RF plasma 
power at low oxygen flow rates results in a change o f texture from <100> to <111> and an 
improvement in the ITO properties: i.e. a larger VLT and a reduction in specific resistivity. 
Such properties have all been seen to occur either as a result o f increasing the oxygen flow
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rate, and hence an increased oxygen incorporation into the growing film, as seen from our 
results and those o f other workers [165, 166] or through depositing films using reactive 
oxygen species, such as ozone [167]. This latter result indicates that an increase in the 
oxygen incorporation could be achieved by an increase in the reactivity o f the oxygen 
species.
The depositions at optimum oxygen flow rates show a transition from a mixed 
amorphous/nano-crystalline to a crystalline structure as the RF plasma power is increased. 
The nano-crystalline films deposited at 2.5 kW exhibit an increased optical band gap, 
conductivity and carrier concentration compared to films deposited at lower RF plasma 
powers.
In ITO, the carriers arise due to oxygen vacancies and from the substitutional doping o f 
indium sites with Sn'^ .^ As the oxygen flow rate was optimised, prior to these depositions, 
the number o f  oxygen vacancies is expected to be the same for all the coatings. Therefore, 
the rise in carrier concentration can be explained by the activation o f Sn'*  ^in the lattice [117, 
165]. The mobility o f charge carriers in the ITO appears to decrease with increasing RF 
plasma power (Table 8-3). For carrier concentrations above 1 xlO^® cm^ electron scattering 
by ionised impurities such (Sn"*^  and oxygen vacancies) is the thought to be the dominant 
scattering mechanism. As a result the mobility will decrease with increasing carrier 
concentration if  the concentration o f other scattering centres such as boundaries is not 
reduced [166].
The ITO films are either amorphous or nano-crystalline with smaller grains, for a 
conventional semi-conductor this would be expected to result in an increase in scattering 
from defects in the lattice such as grain boundaries or other structure inhomogeneties 
resulting in a decrease in mobility to approximately half that o f a single crystal o f the same 
material. For ITO this doesn’t appear to be the case, this films consisting o f small grains 
exhibiting a similar mobility to theoretical maximum [168].
As the electron mobility o f these ITO samples is near the maximum value ~66 cm^ /Vs 
which can be achieved for ITO with a carrier concentration greater than 1 x 10^° cm^, 
scattering at grain boundaries is relatively low [169]. The XRD data also shows that the 
coating is becoming more crystalline with increasing RF plasma power, therefore scattering 
at grain boundaries would be expected to decrease increasing the mobility. Similarly, as the 
target composition is the same, the density o f neutral scattering centres, as reported by 
Shigesato et al, are not expected to increase [170].
The large ion current at the target demonstrates that argon gas is effectively ionised by the 
remote plasma system and therefore produces a high ion density (10^^ ions/cm^ based on the 
power density at the target) plasma. Given that the first ionization energy o f both indium and 
oxygen is lower than that o f argon [93], a portion o f the indium and oxygen atoms which 
enter the plasma are likely to be ionised producing reactive species such as O2’ ions. The 
increased reactivity o f these species could explain the changes in specific resistivity and 
optical transmission observed.
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However, there are two concerns that have come from this investigation. Firstly the system 
is not as stable as the standard HiTUS system as demonstrate by the process running away 
for an oxygen flow rate o f 25 seem only 10% higher than that needed to produce the best 
quality ITO. While using the standard HiTUS system it was possible to deposit over 
oxidised ITO at a flow rate 50 % higher than that used for best material. This is most likely 
caused by the low target current density in the Linear HiTUS system, which as a result o f the 
larger target, is approximately 8x smaller than that produced in the standard system.
ITO films deposited onto A4 PET sheets exhibited a sheet resistance o f 40 O /D  and VLT of 
greater than 85%. The variation o f the specific resistivity measured across from A4 ITO 
coated sheet is better than ± 10%. This is a promising result, especially considering that in 
this region, the ITO coating varies in thickness from 180 nm to 220 nm. However, the 
uniformity measurements, also show that both ITO and AZO coatings exhibit an increase in 
specific resistivity for material deposited furthest away from the PLS. As the oxygen 
distribution is designed to produce a symmetrical distribution o f oxygen about the middle o f 
the chamber and the samples show different thickness profiles, it would suggest that there is 
a decrease in plasma density across the chamber with the highest density nearest the PLS. 
This effect would currently limit the maximum sample width for ITO to 20 cm. For AZO 
coatings the increase in specific resistivity occurs nearer to the PLS than for ITO coatings 
(25 cm instead o f 30 cm) limiting the maximum substrate size to smaller than A4 (~15 cm). 
This would have implications for systems in which the remote plasma is launched along the 
long axis o f the target. Although it would be expected that further development o f the PLS 
and a larger RF power supply and DC power supply are likely to solve both these problems.
8.5 Conclusions
A  remote plasma sputtering system which allows independent control o f the plasma density 
and the target power has been employed to grow ITO thin films under different process 
conditions. In particular, the effect o f plasma density on film properties and microstructure 
has been studied. Increasing the plasma density leads to a decrease in the specific resistivity 
AZO and ITO, and an increase in the optical band gap o f the ITO. Samples deposited at RF 
plasma powers o f 1.5 kW, 2.0 kW and 2.5 kW and optimized oxygen flow rates exhibited 
specific resistivity values o f  3.8 x 10"^  D  cm, 3.7 x 10'"^  iQ cm and 3.5 x IQ'"^  D  cm and 
optical band gaps o f 3.48 eV, 3.51 eV and 3.78 eV respectively indicating that the increase 
in conductivity is a result o f increased carrier concentration.
By growing ITO films at depleted oxygen concentrations, it has been shown that increasing 
the RF plasma power can increase the conductivity and optical transmission o f ITO films 
deposited at the same oxygen partial pressure. Both these properties are strongly affected by 
the incorporation o f oxygen into the film suggesting that the plasma is affecting this process.
ITO films deposited onto A4 PET sheets exhibited a sheet resistance o f 40 D /D  and VLT of 
greater than 85%. The variation o f the specific resistivity measured across an A4 ITO coated 
sheet is better than ± 10%. This is a promising result, and with further development o f the 
apertures and oxygen distribution, this should be improved further. However, the results also 
suggest that this maybe the limit for material produced using the Linear HiTUS technology.
133
Chapter 8 Characterising the Effects of RE Plasma Power on ITO and AZO
The best AZO produced exhibited specific resistivity values o f 1.0 xlO'^ D cm and greater 
than 90% VLT. When compared to the best AZO material produced at temperatures below 
100°C (=5 X 10"^Ocm for hydrogen doped material [171-173]) this material is not as 
conductive. The highest conductivity AZO found in the literature was produced using PLD 
230°C with a specific resistivity o f 8.4 xlO'^Q cm [123].
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9.1 Introduction
Investigations in Chapter 6 and Chapter 7 have shown that launching the plasma from the 
end o f the target results in a variation in plasma density along the target length which can 
lead to non-uniformities in both the coating thickness and in the properties o f the coating. 
The extended planar plasma source (EPPS) was developed to address these issues.
9.2 Development
The system uses a planar quartz tube with a conventional HiTUS antenna to launch a planar 
plasma from the side o f the target, The use o f a planar quartz tube had a dramatic effect on 
the evolution o f the EPPS. The planar shape o f the quartz tube is relatively weak and 
therefore cannot withstand the pressure difference between vacuum and atmosphere. As a 
result the PLS needed to be redesigned so it could be evacuated, to give no pressure 
differential across the tube.
With a new target design and the need to redesign the PLS so it could be evacuated, the 
HiTUS system was undergoing many changes. During this time, it became apparent to 
Plasma Quest engineers, that given these new design criteria the plasma no longer needed to 
be launched down the long axis o f a target and could instead be launched from the side.
By launching the plasma beam from the side o f the target, the design becomes easily 
scalable as the target length can be increased without increasing the plasma throw distance?. 
The EPPS is therefore only limited by the size o f available RF power supplies. The system 
can compete on even terms with magnetron sputtering on scalability.
The EPPS consists o f  a side differentially pumped PLS with planar quartz tube, which 
launches a planar plasma beam across the surface o f the planar target Figure 9-1.
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Figure 9-1. A diagram showing the a head on view of the EPPS PLS. The shape of the planar
plasma can clearly be seen.
In cross section the EPPS looks very similar to the cylindrical HiTUS system with the 
exception that the magnets and PLS are angled away from the target by approximately 30° to 
prevent the coating o f the inside o f the quartz tube. This is because as the tube is coated with 
materials such as aluminium, they could potentially stop the coupling o f the RF energy into 
the argon (Figure 9-2),
Magnets
M agnet separation distance 200 mm
Figure 9-2. A model showing the magnet field lines and the plasma volume for the EPPS.
By launching the plasma between the substrate and the target, the plasma beam no longer 
has to pass around the target, therefore a narrow quartz tube (~ 50 mm) can be used. This 
results in a smaller plasma volume, and therefore higher plasma density.
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The EPPS also benefits from a more confined plasma beam as a result o f the reduced magnet 
separation (200 mm compared to 800 mm for a 500 mm target) (Figure 9-2). This allows the 
target to be placed nearer the substrate than would be possible using the standard Linear 
HiTUS technology and also results in a lower heat load on the substrate during deposition as 
the magnet spacing is much smaller than in the Linear system resulting in better plasma 
confinement.. The small separation o f the magnets also results in a higher plasma density as 
the magnetic field is stronger on average.
The EPPS solves the large area problem which has been a hurdle for the adoption o f HiTUS 
based technologies, while still maintaining the advantages o f high target utilisation, and the 
quasi- independent control of the target bias and plasma density. In addition to this, the 
EPPS is compact (Figure 9-3) and could easily be fitted to an existing magnetron system. 
This makes adoption of the technology relatively simple.
Plasma
launch
svstem
Figure 9-3. A CAD drawing showing the full EPPS system, including the target.
A prototype EPPS system was fitted to determine the effect o f the new design on the target 
ion current and therefore the potential deposition rate.
The EPPS ion currents measured as a function o f RF power (Figure 9-4) show that it 
generates twice the current of the SFPS at the same plasma power (an ion current o f 5 A and
2.5 A at a plasma launch power o f 2.5 kW for the EPPS and SFPS, respectively).
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Figure 9-4. A plot of the target ion current for the planar aluminium target powered using the 
EPPS. The ion current was measured for an Argon flow of 120 seem and magnet currents of 80 
and 160 A for both the launch and steering magnets and -400 V DC bias.
The increased efficiency is thought to be a result o f the smaller plasma throw distance and 
plasma volume.
9.3 Aluminium Deposition Rate: A Comparison of the 
EPPS and SFPS
To evaluate the improvement in deposition rate provided by the EPPS, aluminium was 
deposited onto microscope slides using both the EPPS and SFPS at the same RF plasma 
launch power and DC target bias. The deposition rate was calculated by measuring the 
coating thickness. Both sets o f samples were deposited at the same translation rate, through 
the same apertures and for the same substrate to target separation, therefore the only variable 
was the two different types o f plasma launch system.
9.4 Resuits
Table 9-1. A comparison of the deposition rate for the EPPS and the SFPS to evaluate if the 
increase in current results in a proportional increase in deposition rate.
Argon flow 
(seem)
Plasma 
launch 
power (kW)
DC target
bias
(V)
Current (A) Deposition
Rate
(nm/min)
SFPS 130 2.5 -700 2.12 15
EPPS 120 2.5 -700 5.0 40
From Table 9-1 it can be seen that the EPPS produces more than twice the current o f  the 
SFPS (and therefore the standard 15 cm quartz tube plasma launch system) at the same 
plasma launch power, this results in a proportional increase in the deposition rate for the 
EPPS.
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During the deposition rate trials, the thickness uniformity o f deposition over 4 glass slides 
was evaluated.
E
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Figure 9-5. A plot showing the variation in thickness for coatings deposited using the EPPS 
before apertures are fitted to increase uniformity. The variation was calculated to be less than
± 7 %
The variation in coating thickness (as shown in Figure 9-5) was calculated to be ± 7 %. This 
is similar to variation in thickness to that achieved by the Linear HiTUS (± 5 %) over a 
similar area after considerable process tuning. The system uniformity o f the EPPS could be 
further improved with the use o f apertures.
9.5 Conclusion
Initial trials suggest that the EPPS is an improvement on the present Linear HiTUS 
configuration. The technology appears to be more scalable and is unlikely to be affected by a 
non-uniform plasma distribution. The ion current at the target is a factor o f 2 better than the 
Linear HiTUS. However, the EPPS needs further testing to prove that the technology is 
suitable for the deposition o f materials by reactive sputtering.
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10.1 Introduction
The Linear HiTUS technology was developed to enable HiTUS technology to be used for 
the in-line deposition o f commercially important thin films while still offering the stable 
deposition process and large parameter space which has made HiTUS a popular research and 
development tool.
10.2 Plasma
10.2.1 Effects
The uniformity o f the plasma density has been shown to affect not only the uniformity o f the 
target surface erosion, but also the reactivity o f sputtered species with a reactive gas (as 
demonstrated by the change in transmission for ITO deposited at different RF powers) and 
to influence the crystallinity o f deposited coatings.
Quantification o f the heating effects has shown that:
(a) for a constant target power, doubling the RF plasma power also doubles 
the heat flux to the substrate.
(b) in the deposition o f ITO, using a target power o f 1.0 kW and 2 kW RF 
plasma power, the substrate temperature will reach 125 °C, and 
increasing the RF plasma power to 4 kW would increase the energy 
arriving at the substrate sufficiently to increase the temperature to 170 
“C.
Results on both ITO and AZO have shown that the Linear HiTUS technology maintains the 
benefits o f I-PVD techniques. Increasing the RF plasma power has been shown to increase 
the electrical conductivity and optical transmission o f coatings as well as changing the 
crystallinity and texture o f materials. This has been demonstrated by depositing ITO 
coatings which could be deposited with either amorphous or nano-crystalline morphologies 
depending on the RF plasma power. These affects are attributed to an increase in the flux o f 
low energy ions (1 0 -5 0  eV) [41].
10.2.2 Comparison amongst Systems
The plasma density has been shown to be an important process parameter for the HiTUS 
process. However, a comparison of the target ion current in the standard HiTUS and the 
Linear HITUS technologies indicates that the plasma density is lower in the Linear HiTUS 
system. In the standard HITUS, ion currents o f between 1 and 3 A are typically measured at
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the target for plasma powers between 1-3 kW. This translates into an ion current density of 
between 12 and 40 mA/cm^. In the Linear HiTUS, an RF plasma power o f 3 kW typically 
produces an ion current o f 3 A over the target with a maximum recorded ion current o f 5.25 
A. As the target is much larger, this translates into an ion current density o f approximately 4 
mA/cm^, indicating that 3 kW RF plasma power in the standard HiTUS produces a discharge 
with a plasma density lOx that o f the large area system. A 50% decrease in plasma density 
can be explained by the increased diameter o f the PLS quartz tube for the Linear HiTUS 
system. However, even taking this into consideration, the plasma density is 20% o f what 
would be expected.
This investigation has shown that improvements to the magnetic field strength and shape 
could be used to improve the plasma density. The maximum ion current was achieved for a 
high steering magnet current (200 A) and low launch magnet current (50 A). This 
compressed the plasma towards the PLS, suggesting that the plasma density may be 
decreasing as a function o f distance. Similarly, when the steering magnet was spaced 10 cm 
back from the target, the ion current decreased by 25%. In the standard HiTUS system, the 
magnets are positioned much closer together, this may explain the reduction in ion current. If  
this is the case, then it would result in process non-uniformity from the front to the back o f 
the system
The low plasma density does have consequences for process stability. In the ITO 
investigation, a stable process could not be established to deposit optimum ITO for plasma 
powers o f less than 1.5 kW. At these powers, the oxygen flow required to fully react the 
indium and tin was too large. As a result, oxygen was able to migrate toward the target 
which resulted in target poisoning. Conversely, during the deposition o f alumina (§5.3.5) the 
high deposition rate and high plasma density resulted in a process which was stable at 
oxygen flow rates 50% greater than those used to produce fully reacted alumina. This is also 
observed for the deposition o f indium tin oxide in the standard HiTUS.
10.3 Comparison of Linear HiTUS against Existing 
Technologies
10.3.1 Material Properties
The specific resistivity o f ITO is affected by the quality o f the crystal lattice and therefore by 
the surface mobility o f the adsorbed species. For a conventional process, the surface 
mobility would be increased by depositing ITO at elevated substrate temperatures. However, 
for a roll-to-roll process in which a polymeric substrate is used, the substrate temperature 
must be kept low to avoid damaging the substrate. For the deposition o f highly conductive 
ITO onto polymers an alternative technique is required to increase the substrate mobility.
The substrate mobility is usually increased by increasing the energy o f impinging species 
arriving at the substrate. Using the Linear HiTUS system, ITO with a specific resistivity o f
3.5 X 10"* O cm has been deposited at low temperatures onto PEN and PET. In the single 
chamber system, the heating was calculated to be equivalent to a heated substrate holder at 
170°C for typical run conditions. The substrate target separation was ~ 20 cm in this system.
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In the in-line system, the substrate temperature as measured using an adhesive chemical 
thermometer was found to be below 116°C.
Small scale magnetron systems have been able to produce ITO at room temperature with a 
specific resistivity o f 4 x 10"^  O cm using a RF biased substrate [174]. Using a large area 
roll-to-roll process Noda et al. deposited ITO with a specific resistivity o f 5.5 x 10"^  D  cm 
onto a PET substrate. The best process for depositing ITO at room temperature is pulsed 
laser deposition (PLD) [175]. Using this technique very high density plasmas can be 
generated in which all the ablated target material is very energetic. Using this technique, 
Sierros et al.[176] have deposited ITO with specific resistivity o f -  1 x 10 O cm onto 
PEN. Although there have been attempts to scale up PLD to large areas [177], it is generally 
considered to be a small area research and development technique. The results obtained 
using PLD demonstrate that there is potential to improve the specific resistivity further for a 
room temperature process by increasing the energy o f the incident particles. The 
independent plasma generation used in the HiTUS system may facilitate this.
The textures observed for ITO films deposited on the Linear HiTUS under different plasma 
power conditions (Chapter 8) can be explained by considering the surface mobility and ion 
bombardment. The texture o f a material is determined by the relative growth rate for each of 
the crystallographic planes present at the surface [178]. Under normal conditions with high 
surface mobility, ITO will grow with a structure which is predominantly <1I1> oriented 
[179]. From these experiments, it was found that for high surface mobility conditions 
(heating the sample), a <100> texture develops. The usual explanation o f re-sputtering [180] 
seems unlikely, since any increase in plasma density results in an increase in the target 
current for the remote plasma system. As the films were deposited at constant target power, 
the bias on the target is reduced to compensate for the increased current, resulting in a higher 
flux o f lower energy ions. The energy o f the ions approaches those o f ‘plasma only’ 
conditions, which are too low to cause re-sputtering [32, 116, 161]. Petrov et al. [41] have 
shown that for TIN, a change in the ratio o f the flux o f ionized/atomic nitrogen can affect the 
texture o f the thin films formed. They attributed this to the surface mobilities o f ions and 
atoms on the <100> and <111> surfaces. Their results are similar to the texture changes 
observed for our ITO films.
10.3.2 Uniformity
By inhibiting the formation o f indium tin oxide on the target, the process stability can be 
improved. This should enable the deposition o f material with a lower specific resistivity and 
high VLT. In addition to this, as the material stoichiometry is homogenous across the target, 
the coating should not exhibit a large variation in electrical or optical properties as can be 
seen in the uniformity data for the large area ITO process (Figure 8-9).
However, magnetron sputtering is an established technology which has been extensively 
developed. Using closed feedback loops with plasma emission monitoring, 1000 mm x 600 
mm substrates can be coated with ± 5% variation in film thickness [181]. The variation in 
specific resistivity was ± 1 1 %  (2.9x10'"^ and 3.6 x lO"'* ÇI cm) for this high temperature 
deposition process. Similar magnetron deposition processes are used to deposit transparent 
conducting oxides on onto glass for GenlO LCD panels which are 2850 mm x 3050 mm
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with ± 5% and for the coating o f architectural glass sheets up to 3000 mm x 6000 mm [153, 
154]. At present, the HiTUS technology cannot currently achieve uniformity figures which 
are comparable with magnetron sputtering.
In addition, the Linear HiTUS technology is likely to exhibit a fall-off in plasma density for 
processes where the magnet separation is greater than 1 m. The extended planar plasma 
source design is scalable in theory as the magnet separation does not increase for wider 
substrates. If  the technology was adopted and developed in the same way as magnetron 
sputtering, the intrinsic stability o f the HiTUS process would almost certainly result in the 
deposition o f coatings with a homogeneous thickness and electrical properties with an 
expected variation less than those exhibited by magnetron sputtering.
10.3.3 Deposition Rate
The deposition rate o f ITO is a product o f the sputter yield, target dimensions, aperture size, 
the substrate target separation and the power at the target. Ohno et al. report that using 
reactive unipolar magnetron sputtering from a 400 mm x 1 3 0  mm metallic target at 5 kW 
(9.6 W/cm^) and 115 mm target substrate separation, a deposition rate o f 650 nm/min was 
measured for ITO [182]. For comparison, using the Linear HiTUS system, a deposition rate 
o f 20 nm/min is achieved using 1 kW target power for a target with 40 cm o f exposed 
surface and a diameter o f 7.5 cm (1.06 W /cm^) at a substrate target separation o f 30 cm. 
Assuming a 1/d^ dependence on deposition rate, the HiTUS system would be expected to 
achieve a deposition rate o f ~3 times that o f the DC magnetron system at the same target 
power and substrate target separation.
The deposition rates for the Linear HiTUS system are all much lower than those achieved 
using electron beam evaporation. Suzuki et al. [183] have reported rates o f 600 nm/min 
using electron beam evaporation and the process produced ITO with specific resistivity o f 
1.7xl0’'‘n  cm on glass substrates.
The potentially higher deposition rate o f  the HiTUS system is attributed to full target 
erosion. This enables the HiTUS target to be operated at higher powers, as the material is 
eroded from the entire target and not just the race track as is the case with magnetron. The 
deposition rate for the reactive sputtering o f indium tin oxide from a metallic target is 
limited by the heat load at the target (if the heat load is too large, the target could melt) and 
the formation o f ceramic material on the target which is harder to sputter. By eroding the 
entire target surface both these effects are reduced.
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11.1 Conclusions
The Linear HiTUS technology has been successfully incorporated into an in-line deposition 
system. Investigation o f the effect o f the magnet field and the RF plasma enabled the 
development o f a system configuration which enables high quality ITO with similar 
electrical (4 x lO '^  Ü cm) and optical properties (92 % VLT) to the standard HiTUS to be 
deposited over the entire width o f 20 cm wide PEN substrates using a reactive deposition 
process. The variation in the specific resistivity across such layers was less than ± 10 %. A 
similar process was developed for AZO, for which a minimum specific resistivity o f
1.3 X 10^ O cm and 90 % VLT were obtained. The variation in the specific resistivity for a 
20 cm coating AZO coating was ± 50 %. This was attributed to a combination o f the 
variation in the coating thickness across the sample and to the effects o f the decrease in 
plasma density along the target. The process demonstrated run-to-run repeatability o f ± 1% 
for an alumina deposition process.
The excellent material properties are not exclusive to ITO. The system was also shown to be 
very effective at depositing alumina, with high quality material deposited at a high rate o f 
130 nm/min using a target power o f 20 kW and plasma launch power o f 4 kW. However, the 
deposition rate achieved for the aluminium target could not be repeated using the revised 
compact PLS for the ITO process. It was found that the revised PLS produced an ion current 
approximately half that achieved for the single chamber prototype system and the target ion 
current density is approximately a quarter o f that achieved using the standard HiTUS system 
when the same RF plasma launch power was used.
Investigations into the plasma source have shown that it is a powerful tool for influencing 
the heat flux at the substrate. For a deposition process using 2 kW RF plasma power and 1 
kW target power the plasma contributed over 80% o f the heat flux to the substrate. The 
heating effect o f the plasma was used to control the energy arriving at the substrate for the 
deposition o f ITO to develop processes for the deposition o f amorphous ITO at low RF 
plasma powers and nanocrystalline ITO at high RF plasma power. An increase in RF plasma 
power was also found to (i) change the preferred growth texture, (ii) increase the visible 
transmission and (iii) increase the conductivity o f ITO coatings. The effect o f RF plasma 
power on the visible transmission o f the ITO films was best illustrated when coatings were 
deposited with depleted oxygen concentrations. Here, the peak transmission o f the ITO thin 
film was increased from 60 % to 98 % (when referenced against the uncoated glass slide 
substrate). This is attributed to the increased RF plasma power not only providing additional 
energy for increased adatom surface mobility and film densification, but also increasing the 
probability o f chemical reactions through higher ionization o f the reacting oxygen and 
indium species, leading to improved properties o f the deposited ITO films.
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The energy arriving at the substrate from the plasma has been shown to produce a small 
temperature rise. However, this can be easily removed using substrate water cooling. In the 
single chamber system, the energy delivered to the substrate at 20 cm substrate-target 
spacing for a typical process was found to increase the substrate temperature to I70°C for 
long deposition times. For a substrate target spacing o f 30 cm spacing in the Z600 system, 
the substrate temperature is kept below 116°C.
Having discovered that the RF plasma power could be used to produce transparent ITO at a 
lower than optimum oxygen flow rate, trials showed that increasing the RF plasma power 
could be used to increase the optical transmission o f ITO deposited furthest away from the 
PLS. Magnetic modelling showed that the magnetic field was intercepting the target and 
thus reducing the plasma density towards the base o f the target. Moving the steering magnet 
away from the base o f the target was shown to increase the propagation length o f the plasma 
beam. Implementing this change increased the plasma propagation length and was utilised to 
produce transparent material over a larger distance from the PLS.
There is still evidence that the plasma density may decrease as a function o f distance from 
the PLS, as illustrated by the increase in specific resistivity for ITO and AZO coatings as a 
function o f distance from the PLS. This will affect the maximum substrate width that can be 
used with the Linear HiTUS. The extended planar plasma source has been developed to 
address these issues by launching the plasma from the side o f the target and the initial 
studies look promising. The system has been shown to produce target ion currents twice 
those o f the Linear HiTUS.
11.2 Future work
Although the in-line Linear HiTUS system has been used to successfully deposit ITO and 
AZO at low temperatures over large area substrates, the transmission and conductivity o f 
both these materials have been shown to decrease as a function o f distance from the PLS. 
These changes have been attributed to a decrease in the plasma density affecting the 
reactivity o f the materials deposited. Because this has only been inferred from this data, 
direct characterisation o f the plasma using emission monitoring and Langmuir probe would 
add valuable data to locate the regions where ionisation o f the reactive species is taking 
place. This data could then be used in the development o f future systems to optimise the 
plasma propagation.
Another interesting experiment would be to test the effects o f hydrogen doping on ITO. It 
has been suggested by King et al. that hydrogen offers an enhanced conduction mechanism 
for ITO and therefore tuning the hydrogen doping could be used to produce ITO with a 
higher conductivity. In addition to this, the most conductive AZO coatings have been 
produced using hydrogen doping and hydrogen is now believed to be a cause o f conduction 
in zinc oxide [109, 184, 185].
The final piece o f the work that would be o f interest would be a detailed study comparing 
the effects o f plasma power and substrate heating on material properties. The research 
conducted in this investigation has shown that an increase in RF plasma power can be used
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to improve material properties for an ambient process and that the plasma can be used to 
increase the temperature at the growing film. However, it is not known if  increasing the RF 
plasma power from 2 kW to 3 kW would enable ITO coatings with the same optical and 
electrical properties to be deposited at 110°C as opposed to 160°C as the heat flux 
experimentation suggest would be the case. This study would require a special system with 
accurate substrate cooling and heating, so that the temperature could be held constant during 
deposition. Attempts to compare the effects o f the plasma and substrate heating were made 
during this project. However, the heating unit used on the system was not accurate enough to 
maintain a steady temperature. As a result, the effects o f heating the substrate with a heater 
or the growing film with the plasma could not be compared.
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